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Chapter 1
Introduction
The pursuit of a hollow core (HC) ﬁber able to guide by the formation of a 2D
photonic band gap was the thrust that lead to the creation of photonic crystal
ﬁbers (PCF). PCF are microstructured ﬁbers that guides in virtue of either
total internal reﬂection, anti-resonant reﬂection or a combination of the two.
Air holes and doped glasses along the ﬁber suddenly oﬀered an extreme
ﬂexibility in the design of optical ﬁbers. Dispersion, non linearity and modal
properties can be highly tailored in PCF thanks to the complex geometry
and wide versatility possible with the fabrication technique. Applications
ﬂourished in many ﬁelds as optical ﬁber sensors, quantum optics, ﬁber lasers
and ampliﬁers, and non-linear applications (supercontinnum generation as
the most noticeable one).
Particularly the possibility of guiding light in a HC suggested potential for low
loss, low non-linearity and low dispersion. More than this it oﬀered long dis-
tances where light can have high intensity and diﬀraction-free propagation,
hence providing a medium where light matter interaction can signiﬁcantly
be enhanced. These unique features ﬁnd today applications in a multitude
of ﬁelds, as I will shortly discuss in the following.
The gas composition and pressure can be exploited to tune the ﬁber non-
linearity and dispersion. In doing so pulse compression down to few cycles
and dispersive wave generation in the UV was demonstrated [1] as well as
stimulated Raman scattering in gas [2]
Gas cells can be replaced with HC ﬁbers to realize frequency standards
based on saturated absorption spectroscopy [35]. In the ﬁeld of quantum
optics, cold atoms can be guided in the HC to enhance their interaction
with the light ﬁeld, potentially oﬀering a 1D system where to investigate
electromagnetically induced transparency [6, 7].
1
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Figure 1.1: (a) SEM image of a PBG-HC ﬁber, (b) SEM image of a bire-
fringent PBG-HC ﬁber, (c) SEM image of a Kagome HC ﬁber from [17], (d)
SEM image of a hypocycloid Kagome HC ﬁber from [18], (e) SEM image of
a AR-HC ﬁber with touching tubes from [19], (f) SEM image of a AR-HC
ﬁber with touching tubes from [20], (g) Microscope image of a AR-HC ﬁber
with non touching tubes, (h) SEM image of a nested AR-HC ﬁber from [21]
In optical communications the low latency and the exploitation of low loss
high order modes (HOMs) in HC ﬁbers renewed the interest in this technol-
ogy in recent years. This allowed the realization of ultra high capacity data
transmission and suggested the potential employment of HC ﬁbers in short
haul communication [8, 9].
In the ﬁeld of optical ﬁber sensors HC ﬁbers can be use to detect gas through
spectroscopy [1012], to realize thermally insensitive strain sensors [13, 14]
and to realize optical ﬁber gyroscopes based on Sagnac interferometry [15].
The implementation of HC ﬁber based sensors and data transfer also beneﬁts
from a strong resistance towards radiation. HC ﬁber would indeed last much
longer in high radiation environment where solid core ﬁber would rapidly
degrade [16].
The extremely low overlap between the light and the ﬁber structure, beside
giving low non-linearity, also translates in very high damage threshold. Be-
cause of this HC ﬁbers can be exploited for the delivery of high power laser
sources. In this ﬁeld the possibility of delivering a diﬀraction limited beam
is particularly interesting to achieve the lowest possible spatial accuracy for
micro-machining, biological tissue ablation or microscopy.
3Within this panorama of applications the development of HC ﬁbers ﬂourished
in terms of their fabrication, understanding, design and engineering of their
optical properties. The ﬁrst photonic bandgap hollow core (PBG-HC) ﬁber
was fabricated in 1999 [22]. Initial eﬀorts focused at the reduction of its
propagation loss leading to a record loss of 1.2dB/km at 1620nm in 2005
[23]. In applications that relies on spectroscopy, interferometry or require
diﬀraction limited beams the propagation of a single fundamental mode is
paramount. In PBG-HC ﬁber, though, two other kind of modes are typically
propagated: high order core modes and surface modes, i.e. modes localized
at the core wall of the ﬁber. Hence, several works were dedicated to to
the design of ﬁber that can propagate a single core mode [2427] and that
can suppress the detrimental eﬀects of surface modes [26, 28, 29]. Another
important step in the development of PBG-HC ﬁbers is the ﬁber birefringence
[3034] as in Fig.1.1(b). The introduction of birefringence allows indeed for
the maintenance of the state of polarization of a linearly polarized input
beam.
Few years after the ﬁrst realized PBG-HC ﬁber a diﬀerent ﬁber geometry
was realized with a Kagome lattice [2] as the ﬁber in Fig.1.1(c). These
ﬁbers diﬀerentiate from PBG-HC for the typical larger core, the presence of
several transmission bands, broadband guidance, higher loss and multi-mode
propagation. Far more interesting, the design demonstrated that to achieve
guidance in air core it is not essential to have a range of wavelengths and
propagation constants where no cladding mode is present, but it is suﬃcient
that no cladding mode couples to the core modes. The research on this
kind of ﬁber showed how important the core wall shape is to achieve low
conﬁnement loss [35], suggesting that out of the intricate Kagome cladding
the core wall is mainly responsible for guidance. An example of a Kagome
ﬁber with hypocycloid core wall is shown in Fig.1.1(d). Tube lattice ﬁbers
were investigated numerically and in great detail by Vincetti et al. [36] in
2010. These were likely the basis upon which a new HC ﬁber design was
fabricated in 2011 by Pryamikov et al. [19] in Fig.1.1(e). It is referred in
literature as revolver ﬁber, negative curvature or anti-resonant ﬁber (AR-
HC), as it will be referred in this work. The development of this new kind
of HC ﬁbers had a fast evolution and in few years several ﬁber design were
considered with touching [37] or non touching tubes [38]. Two examples
are in Fig.1.1(f) and (g). Numerical works showed that a nested version
of the ﬁber could oﬀer ultra low losses [3941] (see Fig.1.1(h)) and more
complex structures were proposed to improve the modal properties [42, 43]
or to induce birefringence [44, 45]. AR-HC and Kagome HC ﬁbers have
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similar optical properties and the main diﬀerences relies on the lowest loss
that can be achieved with AR-HC ﬁbers for the same core size, and the
typically higher bend loss of AR-HC ﬁbers.
1.1 Scope
In this work I will consider PBG-HC ﬁbers and AR-HC ﬁbers. Regarding
PBG-HC ﬁbers I will focus on how to reduce the impact of low loss surface
modes and their polarization properties. In the case of AR-HC I will consider
the simple design consisting of non touching tubes and I will show numerically
and experimentally how the design can be optimized to maximally suppress
HOMs and at the same time obtain low bend loss. The work aims at
developing HC ﬁbers for a speciﬁc application that is high power beam
delivery, and with this perspective two PBG-HC ﬁbers and an AR-HC ﬁber
were tested in the delivery of picosecond pulses. The main requirements
that are expected for a delivery system to be used in micro-machining and
medical sector are:
† Diﬀraction limited output beam, i.e. single mode output
† Bend robustness, i.e. no power change while the ﬁber is moved and
no beam deformation/pointing instability
† Polarization maintaining
† High peak and average power
These properties will, therefore, be considered with particular attention
throughout the thesis.
1.2 Outline
In Chapter 2 I will set the framework of this thesis, summarizing the main
guidance features of PBG-HC and AR-HC ﬁbers. The analysis is done for
the two ﬁbers in the same fashion by studying the mode properties of the
cladding structure. This way diﬀerences and analogies between the two ﬁber
designs can be easily highlighted. Through a detailed analysis of the modal
properties of the AR-HC ﬁbers I will show that their design can be optimized
to suppress HOMs and have low loss and low bend loss.
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Chapter 3 is dedicated to describe the AR-HC ﬁbers that were drawn in NKT
Photonics during my doctorate, with particular attention in the characteri-
zation of their bending performance and HOM suppression. Both numerical
tools and experimental characterization will be used for this goal.
The optical properties of two PBG-HC ﬁbers are reported in 4. In the chapter
I will as well introduce an ideal structure, used to numerically simulate the
ﬁber properties, that take into consideration the peculiarities of a real 7-cell
PBG-HC ﬁber. Several optical properties are determine by small features of
the core wall geometry. The proposed way of building the numerical model
attempts to reconstruct the geometry of a drawn ﬁber on the sole basis of a
microscope image of the ﬁber and the drawing parameters. The two ﬁbers
were selected for the pulse delivery experiment in Chapter 6.
In Chapter 5 I will show how the introduction of defects in the otherwise
regular cladding of PBG-HC ﬁbers can be exploited to resonantly couple
surface modes to high loss cladding modes. This approach not only reduce
the presence of surface modes at the operational wavelengths of the ﬁber but
it has beneﬁcial consequences on the ﬁber polarization maintenance. In the
remaining part of the chapter I concentrate in characterizing the polarization
properties of a PBG-HC ﬁber and a AR-HC ﬁber used in the pulse delivery
experiment.
The performances in delivering a high power picosecond pulses are analyzed
in Chapter 6 for two PBG-HC ﬁbers and a AR-HC ﬁber.
Chapter 7 summaries the main experimental techniques used in characteriz-
ing the ﬁbers as: spatially resolved side scattering, loss measurements, group
velocity dispersion, HOMs content and polarization properties.
Conclusions and ﬁnal remarks are in Chapter 8.

Chapter 2
Guiding mechanism and
properties of hollow core
ﬁbers
This chapter is dedicated to a general description of the guidance mechanism
of hollow core ﬁbers. After shortly introducing a 1D model for guidance in
Section 1 I will give particular emphasis to the description of the dielectric
modes supported by the silica structure of the ﬁbers, showing how they
deﬁne the edges of the ﬁbers transmission bands. The properties of these
modes are indeed essential to understand how the geometrical features of the
ﬁber aﬀect the core modes. PBG-HC ﬁbers are analyzed in Section 2, while
AR-HC ﬁbers in Section 3. In the case of AR-HC ﬁbers I will show how this
recently proposed ﬁber design [19, 37] can extend the unique properties of
PBG-HC ﬁbers to large core sizes and how this can be achieved minimizing
the presence of HOMs along propagation and maintaining bend robustness.
2.1 Guidance mechanism in hollow core ﬁbers
The guidance mechanism of hollow core ﬁbers that consist of a single di-
electric and air can be described by a simple 1D system. The idea, ﬁrstly
proposed for hollow core ﬁber guidance by Litchinitser et al. [46], is that the
cladding arrangement is such to provide a Fabry-Perot-like resonator that en-
sure light reﬂection and hence conﬁnement for core modes. I will use here,
and further on in this chapter, the Mercantili and Schmeltzer's model [47]
that gives an analytical solution for a dielectric HC ﬁber with a circular hol-
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n1 n1
i
t
r
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Figure 2.1: Scheme of the a Fabry-Perot etalon of thickness l.
low core and an inﬁnite dielectric cladding. The analytical expression for the
eﬀective indices of the air modes in such a waveguide is:
nlm (λ) =
√
1 −
(
ulmλ
pid
)2
(2.1)
where nlm is the eﬀective index of the mode with l and m azimuthal and
radial number, ulm is the mth zero of the Bessel function Jl−1, λ is the
wavelength and d the air core diameter. If we consider a Fabry-Perot etalon
as in Fig.2.1, where n1 is the refractive index of air and n2 the refractive
index of silica glass, we can set the angle
θi = arcsin(nlm (λ)) (2.2)
to account for the fundamental core mode eﬀective index. I calculated the
amplitude reﬂections (r and r1) and transmissions (t and t1) coeﬃcients
for p- and s-polarization incident light for the two interfaces in Fig.2.1 as a
function of θi through the Fresnel equations.
The phase acquired by light in a round trip within the etalon is:
δ =
4pin2lcos (θ )
λ
(2.3)
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while the etalon reﬂectance is:
R (λ) = *,1 − (tt1)
2
(1 − rr1)2 + 4√rr1sin2 (δ/2)
+-
1/2
(2.4)
Figure 2.2 shows the reﬂectance calculated using eq.2.1 to 2.4 for an etalon
of thickness l = 0.75µm, θi = asin(n11 (λ)) and n2 calculated with the
Sellmeier equation for silica glass. The typical etalon reﬂectance shows
several high reﬂectance bands separated by narrow resonances with high
transmittance. The frequencies at which the narrow resonances occurs can
be calculated by:
νm =m
c
2n2lcos(θ )
(2.5)
where c is the speed of light in vacuum and m an integer.
In all the ﬁbers I will consider core sizes that are signiﬁcantly larger than the
wavelength, and hence from eq.2.1 this correspond to eﬀective indices close
to 1 and angles θi ' pi/2 and θ ' θcr it ic = arcsin(n1/n2). Equation 2.5 can
than be rewritten as:
νm =m
c
2l
√
n22 − n21
(2.6)
These frequencies correspond to cutoﬀ frequencies of modes in a slab waveg-
uide.
In the following sections I will describe in details the cladding modes of PBG-
HC and AR-HC ﬁber. The 1D model presented in this section applies more
naturally to AR-HC because the tube resonator can be better approximated
to an inﬁnite slab waveguide, nevertheless I will show in the next section
that the same principle of anti-resonant reﬂecting guidance applies to PBG-
HC ﬁbers and how the speciﬁc shape of the resonator aﬀects the guidance
properties of the ﬁber.
2.2 Photonic bandgap hollow core ﬁbers
Historically the development of hollow core ﬁbers stems from the idea of pho-
tonic band gap, i.e. the property of a three dimensional periodical dielectric
structure (photonic crystal) to forbid, for a range of frequencies, electromag-
netic propagation at any incident angle. Let us consider such a structure
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Figure 2.2: Reﬂectance calculated with eq.2.4
with two dielectric material of refractive indices n1 and n2, n1 < n2. An es-
sential condition to achieve a photonic band gap in the plane of periodicity,
such that guidance in the low refractive material can be supported, is for the
two material to have a large enough refractive index diﬀerence ∆n = n2−n1,
typically on the order of 2.2 - 2.6 [48]. If guidance in air is desired this
requirement strongly restrict the choice of material to either glasses with
high refractive index or semiconductors. The realization of Russell, P. St
J in the early 1990s was that this condition can be greatly relaxed if one
considers a two dimensional periodic structure, translationally invariant in
the third dimension and out of plane of periodicity propagation. The idea is
that what matters for the formation of a photonic band gap is the compo-
nent of the wavevector in the plane of periodicity, and if the angle between
the vector orthogonal to the plane of periodicity and the wavevector is kept
small enough any two dielectric can lead to the formation of photonic band
gap [49].
Guidance from a photonic crystal perspective
In order to study the properties of a given periodical structure one can
adapt the techniques developed in solid state for electrons propagating in
a periodical atomic potential. In the following we will consider a perfectly
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periodical silica structure in air. The structure reproduces the main feature
of a fabricated PBG-HC ﬁber cladding in Fig. 2.3(a). The pitch Λ, apex
curvature Dc and strut thickness Λ − D are 2735nm, 800nm and 87nm,
respectively. The refractive index of the silica glass is approximated to be
constant and equal to 1.45. I used a commercial ﬁnite element mode analysis
software (COMSOL®) to ﬁnd the modes supported by the cladding for a
range of frequencies. The simulation is performed on one unit cell, as the
one in Fig.2.3(b). The primitive vectors in the real space are deﬁned as in
Fig.2.3(b), so that ~a1 = ~a2 = Λ, the angle between the two is pi/3 and~a3 = 1. The primitive vector in the reciprocal space are then obtain with
the following equations:
~b1 = 2pi
~a2 × ~a3
~a1 · ( ~a2 × ~a3) ;
~b2 = 2pi
~a3 × ~a1
~a2 · ( ~a3 × ~a1) ;
~b3 = 2pi
~a1 × ~a2
~a3 · ( ~a1 × ~a2) ;
(2.7)
so that ~b1 = ~b2 = 4piΛ√3 and ~b3 = 1. The corners of the ﬁrst irre-
ducible Brillouin zones have the following coordinates: Γ = (0, 0); M =
(0, 2pi
Λ
√
3
); K = ( 2pi3Λ ,
2pi
Λ
√
3
).To account for the diﬀerent wavevector directions,
periodic Bloch boundary conditions in eq.2.8 are applied to opposite bound-
aries of the simulated domain. The Bloch periodic boundary conditions are
deﬁned as:
~E1 = ~E2e
−i ~kB (~r1−~r2); ~H1 = ~H2e−i
~kB (~r1−~r2) (2.8)
where ~E1, ~E2, ~H1 and ~H2 are the electric and magnetic ﬁelds at opposite
boundaries, respectively. ~kB is a vector of the reciprocal space and ~r1 and
~r2 are position vectors at the two boundaries.
In order to study the properties of the photonic band gap supported by
the simulated structure it is suﬃcient to simulate the modes for ~kB vectors
belonging to the borders of the ﬁrst irreducible Brillouin zone [?]. I did
this for the structure in Fig.2.3 performing the mode analysis simulation for
20 diﬀerent ~kB vectors evenly distributed along the Γ, M and K perimeter.
The results are shown in Fig.2.4, showing a bandgap that cross the airline
(nef f = 1) where no modes are supported by the structure. This means
that a air defect can be engineered so that guidance in air can be achieved.
The modes at the edges of the bandgap are depicted as well in Fig.2.4.
Interestingly we can see that the short wavelengths edge supports modes
mainly localized in the struts, the bottom edge of the bandgap supports
modes localized in the air and the long wavelengths edge supports modes
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a1
a2
b1
b2
a3
b3 Γ
M K
(a) (b) (c)
Figure 2.3: (a) Microscope image of a 7-cell PBG-HC. (b) 4 unit cells and
the primitive vectors of the Bravais lattice. One of these unit sites is used
for the simulation. (c) The reciprocal primitive vectors. The hexagon is the
ﬁrst Brillouin zone. The pink area is the ﬁrst irreducible Brillouin zone, with
the three corners Γ, M and K highlighted.
localized in the apexes. The long and short wavelength bandgap edges are
determined by modes found at the Γ-point, while the bottom of the bandgap
is deﬁned by modes found at the K-point. A detailed analysis of the Bloch-
modes in hollow-core ﬁbers is done in [50], where these modes are also
measured experimentally.
Cladding resonators and cladding modes in PBG-HC ﬁbers
The kind of analysis presented so far is very powerful to determine whether
a particular cladding structure provide a suitable bandgap for air guidance.
On the other hand it is limited to analyze perfectly periodical and inﬁnite
structures and provide no information on the core modes. This of course
derives from the fact that Bloch theory is meant to describe spatially delocal-
ized modes and in the picture of photonic bandgap the air core represents a
defect in the photonic crystal where optical modes are spatially conﬁned. In
order to gain information on the optical properties of the core defect modes
through numerical ﬁnite element mode analysis techniques one is forced to
consider the full ﬁber structure. I have used this brute force approach exten-
sively to design new ﬁbers and to have more insight on the optical properties
of existing ﬁbers. A limitation of both these numerical tools is that they oﬀer
little or no insight on the physical phenomenon that generate the photonic
bandgap and core guidance. More recently the exploitation of ﬁber optics
models oﬀered an alternative view on the formation of a bandgap [51, 52].
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Figure 2.4: Simulation results showing the formation of a bandgap for the
simulated structure. The edges of the bandgap are highlighted and the insets
show the modes at the bandgap edges. The pink line is the airline.
The idea is to consider the building blocks of a photonic crystal as single
optical elements called resonators. In Fig.2.4 it is clear that the cladding
modes consists of modes localized either in the apexes, the struts or the air
holes. In the following I will analyse the optical modes in small rods, that
approximate the ﬁber apexes, and how the interaction of several of these
rods generates the cladding modes. . The resonators in a PBG-HC ﬁber are
the apexes and the connecting struts holding them in place. In Fig.2.5(a)
the apexes are depicted in blue and the connecting struts in red.
In order to gain some insight on the formation of a photonic bandgap one can
approximate the apexes with rods of radius r and the struts with rectangles
connecting the rods as depicted in Fig.2.5(d). The numerical simulation of
the modes supported by a single silica glass rod in air around the airline
(nef f = 1) is in Fig.2.6(a). Above the airline the vector modes localized in
the rod are found and they are named after the corresponding scalar modes.
Below the airline a continuum of modes in air are found. In the areas above
the airline and between the modes in the rod no cladding or rod modes are
allowed.
If 6 of these rods are arranged close to each other as in Fig.2.5(c) a num-
ber of interesting phenomena occur. The reason for this is that the modes
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Figure 2.5: (a) The ﬁber structure. Blue areas are apexes, red areas are
struts. The structure can be imagined as rods and connectors, in pink and
green respectively. (b) a single rod of radius r. (c) An arrangement of 6
rods. (d) 6 rods connected by thin structures.
above the airline close to their cut oﬀ wavelength have a rather delocalized
mode proﬁle that extends signiﬁcantly far away from the rod. If several rods
are close enough super-modes are established, forming a broader band of
modes rather than a well deﬁned single mode eﬀective index curve. Figure
2.6(b) shows the numerical simulation for this situation, where this eﬀect
is particularly marked for the LP01-like mode. More interestingly below the
airline, due to the rods interaction, several bandgaps are now open. Even
though the simulation is here done for silica rods in air this holds for any two
material where the refractive index of the rod is higher than the surround-
ing. For example it applies to solid core PBG ﬁbers where up-doped rods
in the cladding conﬁne light in the lower refractive index core and several
bandgaps are observed [53]. As shown in [54] the distance between the rods
has a minor eﬀect on the location of the bandgaps and only has an inﬂuence
on their widths and on their depths. This derives from the fact that the
boundaries of the bandgaps at short and long wavelengths are deﬁned by
the modes localized in the rods that depends only on the rods radius. The
distance between the rods only inﬂuence the strength of their interaction and
hence the broadening of the eﬀective index curves of the supermodes. The
bottom of the bandgaps are not well deﬁned for the 6 rods and the eﬀective
index of one mode is particularly well distinguished from the rest. From the
inset in Fig.2.6(b), showing the proﬁle of this mode, it is clear that belongs
to a fundamental air mode localized in the area between the rods., showing
that even only 6 rods can provide air guidance. In Fig.2.6(b) the blue line is
the eﬀective index of the fundamental mode calculated from eq.2.1 with d
equal to the ﬁber pitch Λ. Despite the Mercantili and Schmeltzer's analytical
analitycal model is developed for a rather diﬀerent ﬁber structure the eﬀec-
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tive index of the air-mode in the simulation is in qualitative agreement with
the analytical eﬀective index from the model. With this analogy it became
clear that a reduction of Λ, i.e. d in the model, leads to a lowering of the
eﬀective index of the air-mode that deﬁnes the bottom of the bandgaps as
predicted by eq.2.1. This explains why ﬁber with smaller pitch shows deeper
bandgaps.
The contribution given by the connecting struts is shown in Fig.2.6(c). The
presence of the struts shifts the bandgaps at high frequencies upwards. A
new set of modes localized in the struts limits the low frequency bandgap,
that is the widest remaining. The boundaries of this bandgap are formed at
short wavelengths by strut modes, at long wavelengths by rod/apex modes
and the bottom by air-modes, showing close resemblance to the results
obtained for the realistic inﬁnite photonic crystal in Fig.2.4.
Core modes, surface modes and anti-resonant guidance
The analysis of the formation of the optical modes deﬁning the cladding
modes facilitates greatly the description of the modes localized in the core.
The two more typical ways to form the core defect is to remove either 7 or
19 cells in the cladding periodical structure. Figure 2.7 shows an ideal 7-cell
PBG-HCF. This structure has a periodical cladding. The ﬁrst ring of holes
around the core consists of alternating hexagons and pentagons. The core
radius R is 1.5Λ. The core shape is a dodecagon. The thicknesses th and tp
are related by the following equation [26]: th = tp − 0.35 (Λ − D)/2 . This
account for the way the ﬁber stack is arranged. The introduction of the
core forms three defects respect to the periodical cladding: the air core,
the core wall struts and the core wall apexes. From eq.2.1 we expect the
fundamental core mode to have larger eﬀective index than the bottom edge
of the bandgap. The diﬀerence in size of the struts and apexes in the core
wall are responsible for the formation of surface modes, i.e. modes localized
in the proximity of the core wall. Surface modes can signiﬁcantly compromise
the low loss and beam quality of the fundamental core mode [55, 56]. The
surface modes can be categorized in modes that localize in the core wall
struts (type 1) and modes that localized in the core wall apexes (type 2).
Figure 2.8 shows the simulation of a 7-cell PBG-HCF with two rings of holes
surrounding the core where diﬀerent core wall thicknesses are considered.
The core wall thickness aﬀect both the size of the core wall struts and
apexes. In Fig. 2.8 (a) the type 1 (green lines) surface modes are outside
of the bandgap, the fundamental mode (red line) and the ﬁrst HOM (blue
line) are within the bandgap as well as a set of type 2 (pink lines) surface
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Figure 2.6: Bandgap formation. The pink line is the airline. The gray areas
support dielectric and air cladding modes. The white areas do not support
modes in the rods and in air. (a) Simulation performed on a single silica rod
in air. Above the airline the mode conﬁned in the rod can be observed. (b)
Because of the interaction between the 6 rods several bandgaps are allowed
below the airline. In blue there is the eﬀective index of the fundamental mode
for a dielectric hollow tube of radius Λ,with inﬁnite thickness according to
the Mercatili and Schmelter's model. In the inset the mode proﬁle of an air
guided mode. (c) The presence of connecting struts strongly distorts the
bandgaps, leaving only a major one at low frequency below the airline.
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Figure 2.7: Ideal structure of a 7-cell PBG-HCF.
modes. As th is increased a new set of type 1 surface modes enters the
bandgap from the short wavelength edge and the type 2 surface modes shift
towards longer wavelengths Fig.2.8 (b),(c). Eventually the type 2 surface
modes moves out of the bandgap and only type 1 surface modes are left.
Figure 2.8 (c),(d) also shows a typical avoided crossing between a surface
mode and the fundamental mode.
It is hence clear that the design of the core wall geometry strongly aﬀects
the guidance of core modes. This was shown in several publications both
numerically and experimentally [26, 28, 57]. Furthermore it can be notice
that, in the case the short wavelength edge of the bandgap is free of surface
modes, single mode propagation can be obtained. In Fig. 2.8(a), for in-
stance, there is a ~70nm bandwidth close to the short wavelength bandgap
edge where the fundamental mode is guided and the ﬁrst HOM lies outside
of the bandgap and consequently is coupled to cladding modes and have
very high loss [26].
The guidance mechanism responsible for the conﬁnement of core modes
is antiresonant reﬂection of the cladding [46], rather than Bragg reﬂection
from the periodical photonic crystal, as described in the previous section.
The fact that the bandgap location is nearly unaﬀected by the ﬁber pitch
if the rod size is kept constant and that the localization of an air mode
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Figure 2.8: Simulations of a 7-cell PBG-HC with diﬀerent core wall thick-
nesses: a)th = 0.5× (Λ−D), b) th = 0.85× (Λ−D), c) th = 1.025× (Λ−D),
d) th = 1.2 × (Λ − D). At the bottom the electric ﬁeld amplitude are
shown. The fundamental mode in the red box, a core high order mode
in the blue box, a type 2 apex-like surface mode in the pink box and a
type 1 strut-like surface mode in the green box.
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Figure 2.9: (a) Fiber structure with one layer of randomly spaced rod. (b)
Fundamental mode of the ﬁber in (a) and its conﬁnement loss at 1μm.
(c)Fiber structure with several layers of randomly spaced rods. (d) Funda-
mental mode of the ﬁber in (c) and its conﬁnement loss at 1μm
can be achieved with only 6 rods (Fig.2.6) strongly suggest that Bragg
reﬂection can not be responsible for conﬁnement. In order to further prove
this I have performed a simulation of a ﬁber that consists of a randomly
arranged silica rods with one layer of rods and several layers of rods. Figure
2.9(a),(c) show the structures of the two ﬁbers, while ﬁgure 2.9(b),(d) show
the corresponded guided fundamental modes. Not only the random rod
arrangement can provide air guidance, but several layer of randomly arranged
rods and drastically decrease conﬁnement loss from ~3400 dB/m to 0.3
dB/m. This shows that the relative distance of the rods does not play a
major role in the conﬁnement mechanism of this ﬁbers ruling out Bragg
reﬂection where the distance of the cladding layers is essential to ensure
guidance. Each silica rod acts as a reﬂecting element for light traveling in
air at a grazing angle for wavelengths that are away from resonances. The
resonances occur at the cut-oﬀ frequencies of the modes supported by the
rod arrangement. For this ﬁbers the 1D Fabry-Perot model fails to give any
relevant prediction on the ﬁber guidance because it does not consider the
two dimensional resonator features.
20 Chapter 2. Guiding mechanism and properties of hollow core ﬁbers
Fundamental mode attenuation
There are two main contribution to the loss of the fundamental mode: the
conﬁnement loss and the scattering loss. The conﬁnement loss can be arbi-
trary reduced within the transmission band simply by increasing the number
of resonators in the periodical cladding. Nonetheless the conﬁnement loss
gives an important contribution in deﬁning the edges of the transmission
band [58]. The scattering loss arises from the roughness of the glass/air in-
terfaces. As described in [23] during the ﬁber manufacture surface capillary
waves are frozen in the glass as its temperature decreases below the glass
transition temperature. There were several attempt to measure the rough-
ness of the silica in the PBG-HC ﬁber [23, 59, 60] and also several works
dedicated to the description of how the scattering loss can be expressed in
terms of the surface roughness of the ﬁber [23, 58, 61, 62]. Despite the ef-
forts it is still very challenging to estimate numerically and reliably the ﬁber
scattering loss. The typical approach is to assume that within the band the
scattering loss is proportional to the ﬁeld along the glass/air interfaces and
hence proportional to the following :
F =
(
ϵ0
µ0
)1/2 ´
дlass/air
~Edl´
~E × conj ( ~H ) · ~z dA
(2.9)
The fundamental mode scattering loss can therefore be expressed as [40]:
αscatter inд[dB/km] = ηF [µm
−1]
(
λ[nm]
1550nm
)−3
(2.10)
where η = 300 is a proportionality factor obtained empirically.
A rigorous approach in [63] showed that assuming thin ﬁlm surface capillary
waves and strong perturbation mode coupling theory an accurate numerical
estimation of the scattering loss of real ﬁber is possible. Nevertheless the
computational requirements are quite stringent since approximately 1000
modes are required to be found at a given wavelength.
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Figure 2.10: Scheme of an antiresonant hollow core ﬁber
2.3 Antiresonant hollow core ﬁbers
Antiresonant hollow core ﬁbers comes in a variety of kinds. The one I will
consider is formed by a number of non-touching silica tubes that deﬁnes a
hollow core as depicted in Fig. 2.10. The guidance mechanism of these
ﬁbers is the same as for PBG-HCF. The diﬀerence between the two is the
resonator that provides antiresonant reﬂection and more importantly the fact
that in the core proximity no other kind of silica structure is present but the
elements providing conﬁnement.
In order to describe the guidance of this kind of ﬁber I will go through a
similar analysis as the one done for the PBG-HCF taking particular care in
the description of cladding modes.
Dielectric tube modes
Vincetti et al. did a detailed analysis of the cladding modes in tube ﬁbers
in [36]. I will here summarize the major features of these modes. Figure
2.11 shows some of the supported dielectric modes for a silica tube in air of
outer diameter d and thickness t. The ﬁrst and second mode numbers are the
azimuthal number of periods µ and radial number of maxima and minimaν of
the electric ﬁeld, respectively. It is useful to introduce a normalized frequency
based on Eq. 2.6: F = 2t
√
(n2 − 1)/c, where n is the silica refractive index
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Figure 2.11: Dielectric modes supported by a silica glass tube in air.
and c the speed of light in vacuum. We are interested in the properties
of the dielectric modes in proximity of the airline where they can couple
with air modes due to the similar eﬀective index. This means that we are
interested at these modes at their cut-oﬀ frequencies. As I will show their
optical properties deﬁne the transmission bands and the bandwidth of the
high loss regions in AR-HC ﬁbers.
Figure 2.12 shows the cut-oﬀ frequencies of dielectric modes with µ
number up to 4 as a function of the ratio between the inner diameter and
outer diameter of the tube. The cut-oﬀ frequencies of modes with diﬀerent
ν number are well distinguished for (d − 2t )/d > 0.6, while they get mixed
up at lower (d − 2t )/d values. Moreover as the (d − 2t )/d ratio tends to 1
the cut-oﬀ frequencies of modes with the same ν number converge to the
same value that is a normalized frequency integer. Many other modes with
higher µ number are present in the frequency range considered but are
omitted. Dielectric modes with high µ number present high spatial
variations that lead to a reduction of ﬁeld overlap with air modes with low
azimuthal variations leading to a very week coupling. If a ﬁxed thickness t
is considered, the ratio (d − 2t )/d = 1 correspond to a tube with inﬁnite
diameter d. This situation correspond to a slab waveguide made of a silica
layer in air and as expected integer values of the introduced normalized
frequency correspond to the cut-oﬀ frequencies of TE modes of such a
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Figure 2.12: Cut-oﬀ frequencies of the dielectric modes in a tube as function
of the ratio between the inner diameter and the outer diameter of the tube
waveguide [36] and they match as well the analysis done by Litchinitser et
al. in [46] for antiresonant reﬂecting photonic crystal optical waveguides.
The results for lower values of (d − 2t )/d in Fig. 2.12 not only explain why
in tube ﬁbers we observe high loss region at speciﬁc frequencies, but they
explain as well the bandwidth of the high loss regions. The cause of it is
the presence of dielectric modes with diﬀerent µ number that couple to air
modes in the ﬁber.
In order to prove this experimentally I performed a near ﬁeld measurement
of a ﬁber in Fig.2.13(b). The measure was done over a 6cm ﬁber. The
ﬁber transmission spectrum is depicted in Fig.2.13 (a). The laser I used is
a narrow linewidth laser tunable from 1509nm to 1630nm. At 1509nm the
laser is within the ﬁber transmission band. At this wavelength I ensured
that the light is optimally coupled to the core. The output near ﬁeld was
recorded with an infrared Vidicon camera C2741. The near ﬁeld at 1564nm
in Fig.2.13(d) clearly shows the coupling between the core mode and a
dielectric cladding mode that correspond to a HE23. Figure 2.13(c) shows a
HE23 dielectric mode in a tube close to its cut-oﬀ frequency. The dielectric
mode in the near ﬁeld measurement appears distorted most probably because
of the touching point with the outer cladding, but the 6 lobes as well as the
two radial maxima are clearly visible.
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Figure 2.13: (a) Transmission spectrum through 2m of ﬁber. Each high loss
region is marked with the ν number corresponding to the dielectric modes
responsible for it. (b) Fiber facet (c) HE23 close at its cut-oﬀ frequency (d)
Near ﬁeld image obtained launching a tunable narrow linewidth laser in the
ﬁber core and measuring the output near ﬁeld after 6cm ﬁber. The near ﬁeld
shows the coupling between the fundamental mode and the HE23 dielectric
mode in the cladding. The core light is saturated on purpose to enhance
the visibility of the cladding mode.
Air tube modes
I will now discuss the air modes that localize inside the tube. I have per-
formed a simulation of a tube of outer diameter d=21μm and thickness
t=0.75μm. The cut-oﬀ wavelengths for dielectric modes with ν = 2 and
ν = 3 are can be calculated using the following equation [46]:
λν−1 =
2t
ν − 1
√
n2 − 1 (2.11)
and equals to 1575nm and 787.5nm, respectively. The simulation is done in
this wavelength range. Figure 2.14 shows the modes eﬀective index. The
modes in red are dielectric modes with low µ number (type 2) and determine
the transmission edges of the air modes. Several dielectric modes with high
µ number (type 1) are present at any frequency. The modes in green are
the fundamental mode conﬁned in the tube air core (upper eﬀective index
line) and several high order modes. I here compare the eﬀective index of air
modes with the analytical prediction from the Mercantili and Schmeltzer's
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Figure 2.14: Simulation of the optical modes supported by a silica tube in
air across the airline. Type1 modes in gray are dielectric modes with high µ
number. Type2 modes in red are dielectric modes with low µ number. Air
modes are in green. The continuous lines are the analytical eﬀective indices
of air modes calculated with the Mercantili and Schmeltzer's model. ulm
is the mth zero of the Bessel function Jl−1 and identiﬁes diﬀerent modes in
the model (see eq.2.1). The air line is pink.
model [47]. The continuous blue lines in 2.14 are calculated with 2.1. The
is a remarkable agreement between the analytical model and the numerically
simulated eﬀective index of air modes, especially far away from type 2 di-
electric modes. Deviations are visible at the edges of the transmission band
where the air modes couple to type 2 dielectric modes.
Core modes in AR-HC ﬁbers
The idea behind AR-HC is to exploit a number of tube resonator to form
an air core where light can be conﬁned and guided. If now we compare the
results in Fig.2.14 for the tube resonator to the simulation for the rod res-
onators for PBG-HC in Fig.2.6 we can notice several similarities. The trans-
mission edges are determined by dielectric modes at their cut-oﬀ frequencies
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there is an area below the airline where a core mode can be obtained, and
the lower part of the anti-resonant region is deﬁned by cladding air modes.
There are two main diﬀerences due to the diﬀerent shape of the resonators
and their arrangement:
1. Within the anti-resonant region there are dielectric modes for the tube
resonator, while they are absent for the rod resonator. This is due to
the diﬀerent resonator shapes.
2. The air modes that clearly deﬁne a bottom edge of the anti-resonant
region in the rod resonators have discrete eﬀective index curves in
the tube resonator. The eﬀective index of the air modes in the tube
resonator are much closer to the airline. This is mainly due to the
speciﬁc rod arrangement that allows air conﬁnement.
The ﬁrst diﬀerence have a minor impact since the coupling between type 1
dielectric modes and air modes is generally negligible. The second diﬀerence
is more relevant. It means that in the design of AR-HC ﬁbers one has to
consider that the core deﬁned by and arrangement of tube resonator have
to be such that the eﬀective index of the fundamental core mode diﬀer
signiﬁcantly from the eﬀective index of the tube air modes. This condition
can easily be fulﬁlled for core sizes larger than the inner tube diameter, since
in this case the eﬀective index of the fundamental core mode will be higher
that the fundamental tube air mode, as it can be seen from eq.2.1. Low
loss conﬁnement can be achieved as well for core sizes smaller than the tube
inner diameter if the eﬀective index of the fundamental core mode is such to
sit in between the eﬀective index of tube air modes. Within this work only
AR-HC ﬁbers with cores larger than the inner tube diameter were considered.
The transmission bands in AR-HC ﬁbers can be numbered based on the ν
number of the dielectric modes that deﬁned the edges of the transmission
band. First band is delimited by dielectric modes with ν numbers 1 and 2,
second band by dielectric modes with ν numbers 2 and 3, and so on.
Number of tubes in AR-HC and HOM suppression
The following considerations were part of a publication in Optics Express
[64]. In the frame considered in this work of equal size non-touching tubes
AR-HC ﬁbers, as depicted in Fig. 2.10, the number of independent parame-
ter to deﬁne unambiguously the ﬁber geometry is ﬁve. For example this set
can be deﬁned: the outer diameter OD, the diameter of the largest inscribed
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circle in the core D, the outer diameter of the tube d, the thickness of the
tubes t and the number of tubes n.
The outer diameter OD has a minor impact on the optical properties of the
ﬁber, but it is relevant to control the ﬁber sensitivity towards micro-bending.
Fibers with a relatively thin solid outer cladding show high sensitivity to
micro-bending, for example leading in a distorted output near ﬁeld due to
the ﬁber clamping. To minimize this a large OD is preferred.
The core size D dictates the eﬀective index of the core modes approximately
following Eq.2.1, and the macro bend induced loss in the ﬁber.
The thickness of the tubes t , as discussed previously in this section and in
section 2.1, deﬁnes the cut-oﬀ frequencies of the dielectric tube modes and
hence the ﬁber transmissions bands.
The tube outer diameter d mainly inﬂuences the eﬀective index of the air
tube modes.
The number of tubes n sets the maximum ratio d/D that can be achieved
in the ﬁber geometry and it consequently has a major impact on the modal
properties of the ﬁber.
My aim in designing these ﬁbers is to obtain a large core hollow core ﬁber able
to deliver a single optical mode over a short distance and to be insensitive
to bending. HOM suppression in a large core (>20μm ) HC ﬁbers can be
achieved exploiting resonant coupling to cladding modes [27]. As shown by
Uebel et al. [65] Eq. 2.1 can be used to evaluate the ratio d/D at which the
LP11 core mode couples to the fundamental air mode in the cladding tubes
as follow:
ncore11 = n
tube
01 , 1 −
(
u11
pi fcore
)2 (
λ
D
)2
= 1 −
(
u01
pi ftube
)2 (
λ
d − 2t
)2
(2.12)
d − 2t
D
=
u11
u01
fcore
ftube
= 0.68 (2.13)
where fcore = 1.077 and ftube = 0.991 are correction factors for the analyt-
ical core and tube eﬀective index, respectively.
Interestingly Eq.2.13 shows that the coupling is broadband and moreover it
sets a reference to the ratio d/D needed to resonantly couple the LP11 core
modes to cladding modes. The maximum ratio d/D that can be achieved in
the considered ﬁber geometry as a function of the number of tubes n is:
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(
d
D
)
max
(n) =
sin(pi/n)
1 − sin(pi/n) f or n ≥ 3 (2.14)
In order to analyze the impact of diﬀerent number of tubes in the following
I simulated a number of ﬁber geometries ﬁxing 3 of these parameter and
focusing on n and d. OD is irrelevant for the simulation where an inﬁnite
solid cladding is considered by the use of a perfectly matched layer. D and
t are set to 30μm and 750nm, respectively. The core size is chosen to
obtain low conﬁnement loss and bend loss, while the thickness is optimize
to have the minimum loss at 1032nm in the second transmission band. The
speciﬁc choice of using the second transmission is to ease the fabrication.
Using Eq.2.14 one can determine that the condition in Eq.2.13 can only be
fulﬁlled if n ≤ 7. On the other hand having less than 6 tubes would lead
either to a pronounced gap between tubes or to have d ≥ D. Both scenarios
are detrimental because of higher conﬁnement and bend loss, and cladding
modes with similar and/or higher eﬀective index than the fundamental core
modes, as discussed in the previous section. Because of these arguments
only 6- or 7-tube AR-HC ﬁbers are considered in the following.
HE11
TM01 , TE01 , HE21
TM01 , TE01 , HE21
HE31
HE12
HE41
, EH11Cladding HE11
Cladding 
HE11
TM01 ,TE01 ,HE21
HE31
EH11
HE31
Ef
fe
ct
iv
e 
in
de
x
d/D
C
on
fin
em
en
t l
os
s [
dB
/k
m
]
d/D
(a) (b)
Figure 2.15: Results of simulations with constant D=30µm and t=750nm
for two AR-HC ﬁber designs with 6 tubes (red curves) and 7 tubes (green
curves). (a) Modes eﬀective indices vs ratio d/D. The eﬀective indices of
the cladding modes are the same for the two ﬁber and represented by blue
bands. The upper band correspond to a number of HE11-like modes localized
in the tubes, while the lower band correspond to TM01, TE01, and HE21-
like modes. (b) Corresponding mode conﬁnement loss vs d/D.
Figure 2.15 (a) show the eﬀective index as a function of the ratio d/D for
several core modes in the case of a 6- and 7-tube design. The eﬀective
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index of the cladding HE11 mode is split into several modes because of the
establishment of supermodes due to the interaction among neighbor tubes.
This applies as well for the high order cladding TM01 , TE 01 , and HE21 - like
modes. As expected the eﬀective index of the cladding modes depends only
on the tube size and they are the same for the two ﬁber designs. They are
depicted as blue bands. The eﬀective indices of the HE11, TM01,TE21and
HE21 core modes are nearly identical for the two ﬁber design, while a larger
diﬀerence can be observed for other HOMs. In both case the eﬀective
indices of the cladding HE11 modes cross the TM01,TE21and HE21 eﬀective
indices at approximatelyd/D = 0.72 − 0.73. This is in agreement with the
requirement given by the analytical model in Eq.2.13( d=21.6μm, D=30μm,
t=750nm ). Figure 2.15 (b) shows the loss of the core modes as a function
of the d/D ratio. The loss of the HE11, TM01, TE01 and HE21 modes
behave analogously for d/D>0.65 showing a larger loss at larger d/D values
due to the coupling with cladding modes. At shorter values the discrepancy
between the two designs is due to the larger gap between neighboring tubes
in the 6-tube ﬁber that leads to higher conﬁnement loss. More interestingly
the loss of the HE31 modes diﬀer signiﬁcantly in the two cases. The reason
for the lower loss of the HE31 (' 0.4−0.5dB/m) in the 6-tube design derives
from the tube diﬀerent tube arrangement. Figure 2.16 shows the HE_11
and HE31 modes for the two designs. As I have shown in section 2.1 s-
polarized light shows higher reﬂectance in the 1D model, and here similarly
the HE31 mode shows lower conﬁnement loss in the 6-tube design because
the polarization proﬁle of the mode can be accommodated in the ﬁber core
so to have the electric ﬁeld mostly parallel to the air/silica interfaces. The
same condition can not be accomplished in the 7-tube design due to the
diﬀerent symmetry between the mode and the ﬁber, resulting in higher loss.
The same behavior can be observed in the 3dB contour plot of the amplitude
of the electric ﬁeld of the fundamental mode in both ﬁber. The electric ﬁeld
penetrate more through the silica structures when the ﬁeld is orthogonal to
the air/silica interface.
For this reason the HOM extinction ratio, i.e., the ratio between the conﬁne-
ment loss of the lowest loss HOM and the fundamental mode, diﬀers greatly
for the two AR-HC ﬁbers, as shown in Fig.2.17(a). For d/D> 0.65 the 7-
tube design shows a much higher HOM extinction ratio above 150. Let me
consider a 7-tube ﬁber with d/D=0.7, beside of the HOM extinction ratio
it is interesting to notice the absolute value of the conﬁnement loss of the
lowest loss HOM. In this case it is approximately 3.7dB/m, while the loss of
the fundamental mode is 0.022dB/m. Over 5 meters of ﬁber the HOM loss
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HE11 HE31
Figure 2.16: Vector representation of the calculated transverse electric ﬁeld
of one HE11 and both HE31modes (arrows) with 3dB contour lines of the
amplitude of the electric ﬁeld. Upper row is for a 6-tube AR-HC ﬁber, lower
row is for a 7-tube AR-HC ﬁber.
would be larger than 18dB. Figure 2.17 (b) and (c) show the conﬁnement
loss of the fundamental mode versus d/D and the eﬀect of bending on it.
The two ﬁber shows a similar trend, as discussed earlier conﬁnement loss for
d/D < 0.65 is higher for the 6-tube design due to the larger gaps between
neighboring tubes.
Conﬁnement and bend loss
Regarding the conﬁnement loss of the fundamental mode and its bend loss,
Fig.2.17(b) and Fig.2.17(c) show that there is no clear advantage in ex-
ploiting either of the two designs for d/D> 0.65, since all loss curves are
practically on top of each other. However, the 7-tube AR-HC ﬁber shows a
remarkably weak dependence of the fundamental mode conﬁnement loss on
d/D (Fig.2.15(b)) that is below 30dB/km for the whole considered range of
d/D values from 0.5 to 0.75. This not only facilitates fabrication, but allows
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Figure 2.17: Results of simulations with constant D=30µm and t=750nm
for two AR-HC ﬁber designs with 6 tubes (red curves) and 7 tubes (green
curves). (a) HOM extinction ratio vs ratio d/D. (b) Conﬁnement loss of
the fundamental mode vs d/D for a straight ﬁber and a bent ﬁber. (c)
Conﬁnement loss of the fundamental mode vs bend radius for d/D=0.7. (d)
7 tube AR-HC spectral conﬁnement loss of the fundamental mode and lower
loss HOMs
to adjust d/D during ﬁber drawing either to target high HOMs suppression
for d/D > 0.65 or lower bend loss for d/D < 0.65 with minimal consequences
for the conﬁnement loss. Furthermore Fig.2.17(d) shows that the low con-
ﬁnement loss and the HOM suppression are obtained for a bandwidth of
200-300nm for the 7-tube design. While in this contest the simulation is
limited to the second transmission band of the ﬁber to reduce the compu-
tational time, there is no reason to expect diﬀerent behavior in all the other
transmission bands.
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2.4 Conclusions
I have shown how the anti-resonant reﬂection guidance applies to PBG-HC
ﬁbers and AR-HC ﬁbers. In PBG-HC ﬁbers a careful design of the core wall
geometry is essential to determine the ﬁber optical properties, in particular it
strongly aﬀects the location of surface modes within the transmission band.
AR-HC are surface modes free. With the considered design low loss can only
be achieved with large core sizes. I showed that the nature of the cladding
modes in AR-HC is analogous to that of PBG-HC. The airy cladding modes
in AR-HC are such that the ﬁber can be designed to suppress HOMs by
resonantly couple them to high loss cladding modes. This is maximized in
a ﬁber with 7 non-touching cladding tubes. Therefore this shows that is
possible to have a large core hollow core ﬁber that has nearly single mode
propagation, low loss and that is robust toward bending. Most remarkably
this can be achieved within the whole transmission band.
Chapter 3
Novel antiresonant hollow
core ﬁber
In the course of my doctorate several AR-HC ﬁbers were fabricated at NKT
Photonics. All the ﬁbers were produced with the stack and draw technique.
As discussed in Section 2.3 the focus is on the tube ﬁber design where the
tubes are not touching. The main challenge in the fabrication of this AR-HC
ﬁber design is to obtain identical tubes in order to achieve a symmetrical
ﬁber. In contrast with PBG-HC where the capillary tubes are touching and
stabilizing each other in AR-HC they have the tendency to behave indepen-
CORE= 98μm CORE= 26μm CORE= 25μm CORE= 45μm CORE= 30μm CORE= 25μm
AR-Fiber1 AR-Fiber2
TIME
Figure 3.1: Summary of the fabricated ﬁbers. Top row are microscope
images of the ﬁber facets. Bottom row are near ﬁeld images.
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D [μm] t [μm] d/D [μm] d1/D [μm] n
Target design 30 0.750 0.7 X 7
AR-Fiber1 30 0.83 0.568 X 7
AR-Fiber2 25 0.72 0.644 0.557 7
Table 3.1: Structural parameters of the realized ﬁbers are compared to the
design target.
dently. Particular care is hence necessary in the positioning and welding of
the capillary tube to the outer solid cladding, as well as during the drawing to
ﬁber. Figure 3.1 shows some of the fabricated ﬁbers. While at the beginning
ﬁbers with 8 or 6 tubes where fabricated the target in time shifted towards
7 tubes ﬁbers with the aim of achieving a ﬁber able to suppress HOMs as
well as being robust towards bending. The geometrical speciﬁcations that
we were aiming at derive from the analysis done in Section 2.3. Interestingly
this kind of ﬁber proved to be extremely robust and even asymmetrical ﬁbers
with large variations in tube sizes could guide light in the core. In the follow-
ing I will concentrate on the last two ﬁbers in Fig.3.1, describing their optical
properties and comparing them to numerical simulations. AR-Fiber1 has a
rather symmetrical structure and tube to tube variation are not accounted
for in the numerical simulations. On the contrary AR-Fiber2 shows one tube
that deviates signiﬁcantly from the others and I consequently account for it
in the numerical model. Table 3.1 summarizes the geometrical parameters of
the two ﬁbers and of the target design as deﬁned in Fig.2.10. Please notice
that D and d/D are evaluated from the microscope images, while t is ﬁtted
to match the minimum loss wavelength between the simulation and the loss
measurement. In the case of AR-Fiber2 the smaller tube outer diameter d1 is
also measured, while its thickness t1 is calculated by the following equation:
t1 =
d1 −
√
(d − 2t )2 + d21 − d2
2
(3.1)
assuming the glass area conservation and hence that all the tubes have the
same glass area.
Both ﬁbers does not meet the requirements set by the target design it
is hence to be expected that both do not suppress the TM01, TE01, and
HE21core modes. On the other hand because they are close to the desired
condition of d/D = 0.7 bend induced suppression of HOMs is possible and
as I will discuss it is easier to achieve with AR-Fiber2.
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ν=2 ν=3 ν=4 ν=5 ν=6 ν=7 ν=8 ν=9 ν=10
Figure 3.2: Fiber normalized transmission. The green part of the spectrum
was obtained with a supercontinuum source and a optical spectrum analyzer.
The blue part was measured with a deuterium lamp and Ocean Optics,
Maya2000 pro UV spectrometer . The dashed red lines are the frequencies
as calculated with Eq.2.11 with ν from 2 to 10.
3.1 AR-Fiber1
A description of the optical properties of AR-Fiber1 was done in [64], and
it is here presented with some extensions and a more thorough comparison
with the numerical simulation. Figure 3.2 shows the ﬁber transmission from
200nm to 1500nm. Despite the ﬁber is designed to oﬀer the best perfor-
mance in terms of bend robustness and suppression of HOMs in the second
transmission band, many other bands at higher frequencies oﬀer core guid-
ance. The red dashed line are the cutoﬀ wavelengths calculated with Eq.2.11
and t=0.83μm . Because of the huge wavelength range it was necessary to
account for the material dispersion by using the Sellmeier equation for fused
silica. The agreement between the simple 1D analytical model in deter-
mining the cutoﬀ wavelengths of the dielectric modes in the tubes and the
transmission measurement in Fig.3.2 is excellent. The frequency bandwidth
of the transmission bands at high frequencies is smaller. This is likely due
to bend induce loss that is much higher at shorter wavelengths.
The simulation was performed in a half domain, with a constant silica glass
refractive index of 1.45. Figure 3.3 shows the ﬁber facet, a near ﬁeld at
1064nm and a comparison between the measured loss (blue line) and the
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Figure 3.3: Left: Microscope image of the ﬁber structure and measured
near ﬁeld proﬁle at 1064nm, Right: Measured loss (blue curves) and dis-
persion (green curves) as continuous lines, calculated conﬁnement loss and
dispersion as dashed lines.
simulated conﬁnement loss (dashed blue line), as well as between the mea-
sured dispersion (green line) and the simulated dispersion (green dashed
line). The dispersion was measured as described in Section 7.3. The loss
was measured as described in Section 7.2 with L1+L2= 115m and L1=50m,
with the ﬁber spooled with a 32cm diameter to minimize bend induced loss.
The spectra were recorded with 1nm resolution. There is good agreement
between the numerical simulation and the properties of the actual ﬁber,
demonstrating that the loss of this ﬁber is limited by conﬁnement loss. This
loss level is such that only few percentage of the light is lost over short dis-
tances, making the ﬁber a suitable candidate for beam delivery. We believe
that the discrepancy at the transmission edges are due to the ﬂuctuations
in size of the tubes, that therefore have slightly diﬀerent wall thicknesses.
The narrower bandwidth, as expected, aﬀects as well the ﬁber dispersion.
The ﬁber has minimum loss of 30dB/km at 1090nm, a 50dB/km bandwidth
of 213nm and a 100 dB/km bandwidth of 266nm. Dispersion is anomalous
over almost the entire transmission band and ultra-low (<10ps/nm/km).
This loss ﬁgure is among the lowest ever measured around 1µm for this kind
of ﬁber (lowest we are aware of is 26dB/km at 1041nm for a 32µm core
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ﬁber [66])
Figure 3.4 shows the simulated mode eﬀective indices and conﬁnement
loss. The vertical dashed black line is the cutoﬀ wavelength calculated
with Eq.2.11 and ν = 2., and as expected it matches the cutoﬀ wavelength
of the dielectric modes in the simulation. The ﬂuctuations at long wave-
lengths in the loss are due to the interactions of core modes with dielectric
modes. The ratio d/D in this ﬁber is such to match the dispersion of the
cladding HE11 modes to the EH11 - HE21 modes (corresponding to linearly
polarized modes LP21). A small index separation is also present between the
HE12 and the cladding HE11 modes. The lowest loss HOMs are the TE01
- HE21 modes (corresponding to linearly polarized modes LP11) followed by
the EH21 - HE41 modes (corresponding to linearly polarized modes LP31).
As I will show in the following these are the modes that can be observed in
the realized ﬁber.
Higher order modes
In order to characterize the modal content of AR-Fiber1 we measured the
near ﬁeld proﬁle upon transverse misalignment of the input beam in a 1m
ﬁber under test (FUT) at 1064nm. Figure 3.5 clearly shows the presence of
the LP11-like modes as well as LP31-like modes. The same measurements
but having two coils with 3cm bending radius resulted in a strong bend
induced suppression of the HOMs (Fig.3.5).
A closer look at the LP31-like modes, excited by strong input misalignment,
revealed a rather distorted mode compared to the expected intensity proﬁle
of a LP31. A comparison between the measured near ﬁeld proﬁle and its
numerical counterpart in Fig.3.6 shows remarkable agreement and suggests
that the distortion is induced by the ﬁber symmetry.
To prove that the ﬁber resonantly couples HE31 and EH11 to cladding HE11
modes we have measured the near ﬁeld proﬁle of an ~ 8 cm FUT where
instead of coupling the input beam to the ﬁber core we coupled it to one of
the cladding tubes. If any coupling occurs between cladding and core modes
then we would expect to observe some light in the core at the output. The
measurement were done with a 1064nm laser and polarizers at both the
input and output of the ﬁber. The output near ﬁeld proﬁles in Fig.3.6
show an LP21-like mode and an LP02-like mode, suggesting that not only
the HE31 and EH11 are coupled to cladding modes but also HE12 modes.
The corresponding simulated modes are also presented in Fig.3.6, showing
once again remarkable agreement between the numerically calculated and
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HE11
TE01-HE21
Clad HE11
EH11-HE31
HE12
HE11
TE01-HE21
(a)
(b)
EH21-HE41
EH21
Clad TE01-HE21
Figure 3.4: The green dots correspond to dielectric tube modes, red dots are
core modes and blue dots are air-like modes in the tubes. The simulation was
done in half domain with perfect electrical conductor boundary condition.
The solutions found with perfect magnetic conductor boundary condition are
nearly degenerate to watch shown here and are hence omitted for clarity.(a)
Simulated eﬀective refractive indices. (b) Simulated conﬁnement loss
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Figure 3.5: Measured near-ﬁeld output beam proﬁles versus misalignment
of input beam for a straight (left) and coiled (right) 7-tube AR-HC ﬁber,
showing bend-induced suppression of HOMs. Bending was performed with
2 coils with 3 cm bend radius. FUT is 1 meter long
the fabricated ﬁber mode properties.
Bending properties
One of the downsides of the single layer of conﬁnement in an AR-HC ﬁber
is a relatively large bend induced loss if compared to PBG-HC ﬁbers. To
characterize the ﬁber bend loss we used a custom automated set up. A light
beam from a supercontinuum light source is coupled to the ﬁber and at
diﬀerent bend radii the output spectrum or the near ﬁeld proﬁle is detected
with an optical spectrum analyzer or a camera, respectively. The relative
changes in the measured spectra permit to estimate the spectral bend in-
duced loss. The measurement was done with three coils, starting from a
bend radius of 12cm and down to the minimum allowed by the set up: 3cm.
The measured near ﬁeld proﬁle in Fig.3.7 were measured at 1064nm by in-
serting a 10nm bandwidth ﬁlter. A signiﬁcant change in the output proﬁle
is visible only at the lowest bend radius and the stability of the beam pro-
ﬁle is remarkable. The spectral measure of the bend loss in Fig.3.7 shows
a clear trend: negligible bend loss is present down to 5cm bend radius, at
smaller radii the short wavelength edge of the transmission band is highly ef-
fected and shifts towards longer wavelengths. Finally a comparison between
measured bend loss and the numerically simulated one as a function of the
bend radius is presented in Fig.3.7 for two selected wavelengths. There is
a fairly good agreement between the two at small bend radii. We believe
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Figure 3.6: Green box: Comparison between the measured near ﬁeld output
proﬁle for a 1 m ﬁber with ~20µm misalignment of the input beam, showing
a LP31-like mode (top) and the corresponding simulated amplitude of the
electric ﬁeld (bottom) for a 1m ﬁber. Red box: On the top part, measured
near ﬁeld proﬁle in 8cm FUT, coupling input beam to one of the cladding
tube. In the bottom part the corresponding simulated amplitude of the
electric ﬁeld. (b) LP02-like mode, (c) LP21-like mode. The white arrows
point at the excited cladding tube
that the discrepancy at larger bend radii is mainly due to the measurement
uncertainty at low bend losses (<0.5 dB/m). The ﬁber has a bend-induced
loss at 1032nm of ~0.5dB/m and <0.5dB/m at 1064nm for 3cm bending
radius, performing signiﬁcantly better than previously reported in kagome
HC ﬁbers [67] and other AR-HC ﬁbers [20] around these wavelengths.
Mode quality
We measured mode quality factor of the fabricated ﬁber with a camera-based
M2 measurement system (Spiricon M2-200s) with a laser at a wavelength of
1064nm and a 5m FUT. We performed two measurements: with the ﬁber
coiled on a standard 8 cm spool and no further coils, and with the ﬁber coiled
on a standard 8 cm spool and with an extra two coils with 3cm radius to
suppress HOM. The results are summarized in Table 3.2. The ﬁber output
beam presents negligible astigmatism and asymmetry and a M2 of 1.5. The
extra small coils induce suppression of the HOM and the M2 is consequently
improved to 1.2.
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Figure 3.7: Top: Near ﬁeld proﬁle of the ﬁber at diﬀerent bending radii at
1064nm. The ﬁber had three coils; Bottom left: Induced bend loss measured
at diﬀerent bending radii. The measurements across the blue and green
dashed lines are plotted on the right; Bottom right: Comparison between
the measured and simulated bend induced loss at two diﬀerent wavelengths
Table 3.2: Measured M2, astigmatism and asymmetry
M2 Astigmatism Asymmetry
No extra coils 1.5 0.01 1.02
2 coils, 3cm radius 1.2 0.00 1.07
3.2 AR-Fiber2
AR-Fiber2 has a larger ratio d/D compared to ﬁber AR-Fiber1 along with
a smaller core of approximately 25μm. Moreover one of the tube is signif-
icantly smaller than the other as it can be seen in Fig.3.8. In this section
I will discuss the main optical properties of AR-Fiber2, comparing it with
AR-Fiber1. Figure 3.8 shows the measured and simulated loss. The loss was
measured as described in Section 7.2 with L1+L2= 290m and L1=190m,
with the ﬁber spooled with a 32cm diameter to exclude bend induced loss.
The spectra were recorded with 1nm resolution. Surprisingly the ﬁber has
a slightly lower loss that its numerical counterpart, with a minimum loss
at 978nm of 39dB/km. The 50dB/km bandwidth is 113dB/km and the
100dB/km bandwidth is 185nm. The drastic reduction in bandwidth, com-
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Figure 3.8: Left: Microscope image of the ﬁber structure and measured
near ﬁeld proﬁle at 1064nm, Right: Measured loss as continuous blue line,
calculated conﬁnement loss as dashed blue line.
pared to AR-Fiber1, is entirely due to the presence of the smaller and thicker
tube.
Figure 3.9 shows the eﬀective refractive indices of several modes and theirs
conﬁnement loss. There are several diﬀerences if compared to AR-Fiber1.
First of all there are two distinct sets of cladding HE11 modes: Clad HE
1
11
related to the identical 6 cladding tubes and Clad HE211 to the smaller tube,
and they possess well distinct dispersion. Clad HE211 has a dispersion that
matches the one of the HE31 and EH11 core modes. Because the vectorial
HE31 and EH11 modes are nearly degenerate and because of the interaction
with the cladding modes these modes found in the model are linearly polar-
ized as depicted in Fig.3.9 and are hence named LP21. Moreover because
of the small tube the core is no more symmetrical and a particularly marked
birefringence appears between the LP11 modes. Also in this case they are
found to be linearly polarized in the numerical model. The norm of the
electrical ﬁeld of the two sets of the LP11 modes is depicted in Fig.3.9. The
lowest loss HOM is the LP11 as seen in Fig.3.9(b) with a loss >1dB/km
that is an improvement in comparison to AR-Fiber1.
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Figure 3.9: (a)Numerical mode eﬀective refractive indices. (b) Correspond-
ing conﬁnement loss. The simulation was done in half domain. Red dots are
solutions with perfect electrical conductor boundary condition. Blue dots
are solution with perfect magnetic conductor boundary condition. Bottom:
Norm of the electric ﬁeld for the LP11 modes and the LP21 modes. The
arrows represent the transverse electrical ﬁeld.
Higher order modes
Similarly to what done with AR-FIber1 I measured the near ﬁeld proﬁle of
the ﬁber upon transverse misalignment of the input beam in a 1m FUT at
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1064nm. The result is analogous, but it presents some pecularities. For
a straight ﬁber a LP11-like mode is clearly excited as it can be seen in
Fig.3.10, but in this case the misalignment in the vertical and horizontal
directions does not produce LP11 modes with nearly orthogonal mode proﬁle
as in AR-Fiber1 (see Fig.3.5). It seems that a speciﬁcally oriented LP11
appears preferentially. This is consistent with the results from the ﬁber
simulation where the LP111 has a lower loss than the LP
2
11. In the lower part
of Fig.3.10 the norm of the electric ﬁeld of the LP111 and LP
2
11 are shown.
The mode that appears in the measurement with the horizontal misalignment
resembles the LP111 mode. Figure 3.10 shows the norm of the electric ﬁeld of
a linear combination of the normalized ﬁeld of LP111 and LP
2
11. The resulting
proﬁle ﬁts the intensity proﬁle measured during vertical misalignment. This
suggests that this behavior of the is due to the the diﬀerence in conﬁnement
loss between the two LP11 modes. Optimal HOMs bend suppression can be
achieved in this ﬁber with a bending radius of 4.5cm. Figure 3.10 shows
the measurement performed with a single 4.5cm radius coil. The result
is comparable to what achieved in AR-Fiber2 with two 3cm radius coils.
The diﬀerent bending radii are due to the diﬀerent eﬀective refractive index
separation between the cladding HE11 modes and the LP11-like modes in
the two ﬁbers.
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Figure 3.10: Measured near-ﬁeld output beam proﬁles versus misalignment
of input beam for a straight (left) and coiled (right) 7-tube AR-HC ﬁber,
showing bend-induced suppression of HOMs. Bending was performed with
1 coils with 4.5 cm bend radius. FUT is 1 meter long. The lower ﬁgures
show the norm of the electric ﬁeld from the numerical calculation for the
two LP11-like modes, a linear combination of the two and the fundamental
mode.
Bending properties
I used the same automated set described for AR-Fiber1 in order to charac-
terized the bend induced loss in AR-Fiber2. The measurement in this case
was done with 10 coils to increase the measurement accuracy at low bending
loss. As before the starting bend radius is 12cm and it was measured down to
the minimum allowed by the set up: 3cm. The spectral measure of the bend
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loss in Fig.3.11(a) shows that AR-Fiber2 has a even lower bend induced loss
(please notice that here the y axis is up to only 5dB/m) as expected since
the ﬁber has a smaller core. The ﬁber has a bend-induced loss at 1032nm
of ~0.25dB/m and ~0.2dB/m at 1064nm for 3cm bending radius. Figure
3.11(b) and (c) show the position stability of the output beam for a static
ﬁber and for the ﬁber repetitively moved from 12cm bending radius to 5cm
bending radius. The relative position of the centroid of the beam was logged
regularly over a time of 5 minutes for the two cases. In Fig. 3.11(b) and
(c) the relative positions normalized by the beam MFD are depicted. The
measurement shows no diﬀerence in the two cases with variations smaller
than 1% of the MFD. If any bend induced variation of the position of the
output beam was achieved it was below the set up sensitivity.
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(a)
(b) (c)
Figure 3.11: (a) Induced bend loss measured at diﬀerent bending radii. The
measurement was done with 10 ﬁber coils (b) The relative position compared
to the MFD is plotted when the ﬁber is kept still. (c) The relative position
compared to the MFD is plotted when the ﬁber is moved from 12cm to 5cm
and back repetitively.
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3.3 Conclusions
The fabricated AR-HC ﬁbers show remarkable optical properties. I could
prove experimentally the occurrence of HOMs resonant coupling to cladding
modes in AR-Fiber1. Despite the straight ﬁbers do not suppress the LP11-
like modes it can be obtained through bending to the point that even after
only 1m of ﬁber no HOMs can be seen in the near ﬁeld when the input
light beam is misaligned. The comparison between the numerical model and
the ﬁber characterization measurements shows great agreement, supporting
the idea that the target ﬁber design will show the expected modal proper-
ties described in Section 2.3. Finally the robustness of these ﬁbers towards
bending demonstrate that they can be exploited in application where tight
bending and continuous movements are required, providing an output beam
with excellent beam quality and pointing stability. The encouraging numeri-
cal results in Section 2.3 and the experimental results shown in this Chapter
resolved in a patent application on the 7-tube AR-HC ﬁber design [68].
Chapter 4
PBG-HC ﬁbers for beam
delivery
In this chapter I will describe the optical properties of two PBG-HC ﬁbers
that were used in the high power beam delivery in Chapter 6. The light
source used in the experiment has a center wavelength of 1032nm. In doing
so I will introduce a technique to construct an idealized geometry that closely
resembles fabricated 7-cell PBG-HC ﬁbers.
4.1 7-cell PBG-HC ﬁber: PBG-HC-1
The PBG-HC-1 ﬁber has a core diameter of 10μm and a mode ﬁeld diameter
of ~7.8μm at 1064nm. Figure 4.1(d) shows a microscope image of the ﬁber
facet. In order to accuratevely describe the modal properties of this ﬁber
I have performed a numerical simulation on closely resemble geometry. As
described in Section 2.1 a standard approach to construct the core geometry
produce a structure as in Fig.4.1(a) where the core size is ﬁxed to be 3 times
the pitch of the regular cladding structure. This clearly diﬀers from the ac-
tual ﬁber structure where not only the core has a diﬀerent size but some of
the holes surrounding the core have a large deviations in size compared to
the rest of the cladding holes. To account for these diﬀerences I introduced
two deformations in the ideal ﬁber structure. The ﬁrst ring around the core
has 12 holes that consist of 6 hexagonal and 6 pentagonal interchanging
holes. To mimic the expanded hexagons and shrunk pentagons in the actual
ﬁber, the parallel edges of the pentagons in the ideal structure are moved
closer together, keeping the center. The resulting structure is depicted in
Fig.4.1(b). The core size is still 3 times the pitch. In doing this deformation
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the glass area in the straight sections of the core wall is kept constant. Finally
a radial Gaussian deformation is applied to the entire structure. The ampli-
tude and half width of the Gaussian function used are calculated to obtain
the desired core size and location of the second ring of holes surrounding the
core. Figure 4.1(c) shows the resulting structure that possess all the main
features observed in the actual ﬁber in Fig. 4.1(d). In Fig. 4.1(e) the norm
of the electric ﬁeld of the fundamental mode from the simulated structure is
depicted, showing very good agreement with the measured near ﬁeld proﬁle
of the real ﬁber in Fig.4.1(f). While accounting for the peculiarities of the
realized ﬁber this approach maintains the symmetries of the original ideal
structure, allowing for faster quarter domain simulations.
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Figure 4.1: (a) Ideal ﬁber structure. (b) Modiﬁed ﬁber structure with small
pentagonal holes in the ﬁrst ring of holes around the core. (c) Structure
in (b) with a radial Gaussian deformation. (d) Microscope image of the
fabricated ﬁber facet. (e) Norm of electric ﬁeld of the fundamental mode
numerically obtained from the geometry in (c). (f) Output beam proﬁle of
the ﬁber in (d) in logarithmic scale
The numerical loss is the sum of the conﬁnement loss and scattering loss
(Eq.2.10) and it is shown in Fig.4.2 as a dashed blue line, together with the
measured loss as a continuous blue line. The loss was measured as described
in Section 7.2, with a length L1+L2=250m and L1=50m. Figure 4.2 also
compares the measured and simulated dispersion depicted as continuous and
dashed green lines, respectively. The dispersion was measured as described
in Section 7.3.
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Figure 4.2: PBG-HC-1: Measured loss and dispersion as continuous lines,
simulated loss and dispersion as dashed line. The simulated loss is the sum
of the conﬁnement loss and scattering loss calculated with Eq.2.10.
In order to characterized the HOMs in this ﬁber I used the technique de-
scribed in Section 7.3 to evaluate the group index diﬀerence between the
fundamental and HOMs. Figure 4.3 (b) shows the spectrogram of the trans-
mission spectrum over a 50cm FUT. By comparing this measurement with
the numerically obtained eﬀective refractive indices and losses in Fig.4.3(a)
and (b) one can determine that the short wavelength edge of the bandgap
is set by a surface mode rather than the cladding modes. The same surface
mode is likely responsible for the short wavelength cutoﬀ of the TE01 mode.
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Figure 4.3: (a) Numerical eﬀective refractive indices. (b) Spectrogram of
the ﬁber transmission over 50cm FUT measured as described in Section 7.3.
(c) Numerical losses.. The red dashed line shows the wavelength at which
the fundamental mode is crossed by a surface mode that determine the short
wavelength edge of the bandgap. The blue dashed line show the wavelength
at which the TE01 mode has a avoided crossing with a surface mode.
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4.2 19-cell PBG-HC ﬁber: PBG-HC-2
In order to reduce the ﬁber non-linearity in the framework of PGB-HC ﬁbers
one should consider larger core ﬁbers. Larger cores are obtained by omitting
a higher number of cladding unit cells in order to form the core defect. I will
here consider a 19-cell PBG-HC ﬁber with a core diameter of approximately
18μm and a mode ﬁeld diameter of about 13μm at 1064 nm. A 19-cell PBG-
HC ﬁber design holds the record low loss of 1.2dB/km at 1620nm [23]. It was
possible to achieve such a low loss by introducing an anti-resonant core wall,
i.e. the thickness of the core wall is chosen to provide a extra conﬁnement
contribution. This reduces the overlap between the core modes and the silica
structure minimizing the scattering loss [69]. A drawback in this approach
is the increased number of surface modes supported by the core wall that
drastically limits the operational bandwidth of the ﬁber to 10-20 nm [70].
The ﬁber that I will describe here is designed to achieve low loss by in-
troducing 12 anti-resonant elements on the core wall, rather than having a
uniform thicker core, as is can be seen from Fig. 4.4(a). In this manner the
detrimental eﬀect of the newly introduced surface modes is reduced and the
obtained operational bandwidth is signiﬁcantly larger.
A typical ﬁber 1 meter transmission curve is compared to the measured ﬁber
loss in Fig. 4.4(d), showing a 20dB/km and 50dB/km bandwidth of ~30nm
and ~50nm, respectively. Minimum loss is 15dB/km at 1058nm. The low
loss bandwidth is limited by the surface modes inducing high loss rather than
by the photonic bandgap edges as typically occurs in 7-cell PBG-HC ﬁbers.
The near ﬁeld proﬁle measured at 1032nm and the measured loss of the ﬁber
used in the high power beam delivery experiment in Chapter 6 are in Fig.
4.4(b) and Fig. 4.4(c), respectively. The measured loss shows a high loss
peak centered at 1060nm. This is due to an unwanted surface mode. The
ﬁber was nonetheless selected for the beam delivery experiment because it
presents the lowest loss at 1032nm among the drawn ﬁbers.
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Figure 4.4: PBG-HC-2 : (a) Microscope image of the fabricated ﬁber (b)
Near ﬁeld proﬁle measured at 1032nm (c) Measured loss of the ﬁber used
in the delivery experiment (d) Typical 1m transmission and measured loss
that can be achieved with this ﬁber design
4.3 Conclusions
Two high quality PBG-HC ﬁbers suitable for the delivery of picosecond pulses
at 1032nm were here described. I also introduced an approach to obtain a
ideal 7-cell PBG-HC geometry solely from the microscope image of the ﬁber
facet, the drawing parameter and the ﬁber transmission spectrum. I have
shown how this approach is useful to determine the ﬁber modal properties.

Chapter 5
Polarization properties of
hollow core ﬁbers
Hollow core ﬁber can be designed to be polarization maintaining inducing a
diﬀerence in the eﬀective indices of the two polarization of the fundamental
mode : B = nef f ,1 − nef f ,2, i.e. birefringence. As I discussed in section2.1
the core wall geometry has a great impact on the guidance properties of
the ﬁber, and it can be for example designed to induce birefringence. Typi-
cally this is achieved with the introduction in the core wall of anti-resonant
elements. The idea is to break the ﬁber symmetry by introducing a two
fold arrangement of rods in the core wall [31]. Two orthogonal ﬁber axes
can hence be deﬁned. The two polarization of the fundamental mode will
experience a diﬀerent overlap with the ﬁber structure leading to a diﬀerence
in their eﬀective indices. In the picture of these elements being Fabry-Perot
like reﬂecting elements the diﬀerence between the two polarization comes
from the diﬀerent reﬂectance for s- and p- wave as it can be seen in Fig.2.2.
Because of the diﬀerent size of these elements in comparison to the cladding
apexes (see Fig.2.8 ) they also introduce a new set of surface modes. Fol-
lowing this concept PM PBG-HC can be designed to maintain polarization
over relatively long distances of the order of 100m [34].
As described in Section 2.1 7-cell PBG-HC ﬁbers can be designed to avoid
crossing between surface modes and the fundamental mode. Despite of
this surface modes with higher eﬀective index than the fundamental mode
can still be present with relatively low loss. This is detrimental in several
applications where a single optical mode is required. In section 5.1 I will
describe the main properties of a PM ﬁber geometry that has a modiﬁed
cladding structure. The introduction of cladding defects can lead to the
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suppression of some of the low loss surface modes and hence enhance the
beam quality of the output ﬁber beam. At the same time the proposed ﬁber
structure shows lower polarization cross talk than state of the art PM PBG-
HC ﬁbers. The analysis regarding this ﬁber design was published in [71].
In the perspective of beam delivery, where much shorted length are typically
needed, the requirements in the ﬁber birefringence are less stringent to main-
tain the polarization. In this regard I will show in section 5.2 that even a
ﬁber that is not speciﬁcally designed to be PM can hold the polarization over
a short distance. This lead to the question of how much phase birefringence
is suﬃcient in a HC ﬁber to achieve acceptable polarization maintenance
over a short ﬁber distance. Some of the characterization of the polarization
properties of this 7-cell PBG-HC ﬁber were published in [64].
Finally in the last section of this chapter I will describe the polarization prop-
erties of AR-HC ﬁbers. These ﬁbers have typically a very small birefringence
due to extremely low overlap between the light ﬁeld and the silica structure,
even in presence of slightly elliptical cores.
5.1 7-cell PBG-HC with cladding defects
In order to achieve a PM PBG-HC ﬁber with high birefringence and at the
same time limit the amount of surface modes within the ﬁber transmission
band one can introduce in the cladding a number of defects with the aim
of resonantly couple low loss surface modes to high loss defect modes in
the cladding. Figure 5.1 show 4 PBG-HC ﬁbers that has a 4 anti-resonant
core wall elements to make the ﬁber PM and at the same time 6 partly
collapsed holes in the cladding lying in a straight line, 3 on each side of the
core. The ﬁbers were fabricated using the stack and draw technique and
they were drawn from the same preform. The capillaries that correspond
to the cladding defects have pressure control independent from the rest of
the cladding, which allow to introduce a pressure diﬀerence during drawing
that was used to produce the cladding defects in a controlled way. The
collapse of the cladding holes is diﬀerent for the four ﬁbers. If we deﬁne the
collapse ratio α as the ratio between the diameter of the hole in the defect
and the unaltered average cladding hole diameter the four ﬁbers have the
following collapse ratios αI = 60%, αI I = 55%, αI I I = 46%, αIV = 37%. The
ﬁbers have approximately the same core size, pitch and cladding structure.
Because of the lower pressure in the direction of the defects the core becomes
elliptical.
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Figure 5.1: Top:Microscope images of the ﬁbers considered. Bottom: Cor-
responding idealized structures used in the modeling.
I realized an ideal geometrical structure in order to simulate the modal prop-
erties of these ﬁbers, as shown in Fig. 5.1. The geometry reproduces of the
major features of these ﬁbers. Starting from a realistic ﬁber structure known
in literature [26,72], I accounted for the elliptical core, the anti-resonant core
wall elements and the cladding defect. With respect to the cladding defect
I assumed the glass area of the ﬁber is a conserved quantity and no glass
ﬂow between apex and strut or between diﬀerent unit cells. The local area
conservation in each unit cell, strut and apex has been proven to be a good
approach in previous publications [73,74]. The four ﬁber geometry have the
same pitch of 3.2 μm, the same thickness of the strut of 180nm and the
same core size with an aspect ratio of about 1.2.
A ﬁrst set of simulations were done with four rings of holes surrounding the
core with a single defect per core side to analyze the eﬀect of the collapse
ratio over the ﬁber modal properties.
For Fiber III, that shows the best performance, the simulation was extended
to six and eight rings of holes, i.e. two and three defects per core side,
respectively.
Surface mode stripping
The scheme in Fig.5.2 summarizes the principle that is exploited to strip the
surfaces modes. Three types of modes are relevant for this analysis: a surface
mode in green, the fundamental mode in red and the defect mode in blue.
By tuning the collapse ratio of the cladding defects it is possible to couple
the modes localized on the defect to surface modes at wavelengths where the
fundamental mode is unaﬀected. As a trade-oﬀ at longer wavelengths the
defect mode couples to the fundamental mode limiting the ﬁber bandwidth.
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Figure 5.2: Sketch of the surface mode stripping. The green line represents
an unwanted surface mode, the red lines the two polarization of the funda-
mental mode and the blue line is the cladding defect mode that can be used
to attenuate the surface modes
The same color scheme is used in Fig.5.3 to identify the diﬀerent modes.
Comparing the three ﬁbers it is clear that there is no diﬀerence in the disper-
sion curves of the surface modes and the fundamental modes, as expected
since core size, core wall and the regular cladding are identical. Fiber I
shows a set of defect modes that correspond to apex-like modes in the de-
fect. Because a smaller collapse ratio correspond to a larger glass areas in
the cladding defects this set of defect modes shifts to shorter wavelengths.
In Fiber III and IV a second set of defect mode appears at short wavelengths.
This is due to the diﬀerent size of the struts connecting the defect to the rest
of the cladding. Due to the condition in the model of local conservation of
the glass area these struts are thinner for smaller collapse ratios. Therefore
the modes localized on them shift towards longer wavelengths for smaller
collapse ratios, see Fiber III and Fiber IV in Fig.5.3. Consequently the de-
fect modes can be controlled during the ﬁber drawing. The transmission
measurements for the 4 ﬁbers in Fig.5.3 shows good agreement with the
simulated mode trajectories, showing a reduction of the operational band-
width around 1550nm for smaller collapse ratios. The mismatch at longer
wavelengths for Fiber III and Fiber IV is likely due to the fact that the
simulation are here performed for only one defect per core side.
The simulations are extended for two defects and three defects per core side
for Fiber III. Figure 5.4 shows how the presence of several neighbor defects
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Figure 5.3: For the four ﬁbers the simulations from the idealized model
(upper part of each quadrant) and the measured transmissions (bottom part
of each quadrant) are compared. In the mode trajectory plots green dots
represent surface modes, red dots the fundamental modes, blue dots the
cladding defect modes and dark grey the cladding modes
leads to the establishment of supermodes, populating the transmission band
with several others defects modes. This increases the interaction between
cladding defect modes and surface modes within the bandgap. In order to
quantify this I estimated through an overlap integral the coupling between
all the surface modes and all the defect modes. Since these modes have
a considerable ﬁeld amplitude at the glass/air interfaces, scattering from
glass surface roughness can be considered as a primary contribution to the
coupling. For this reason, similarly to what is typically done to estimate
scattering loss for the fundamental mode [23], the following overlap integral
were used as coupling coeﬃcient:
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Figure 5.4: The simulated mode trajectories for ﬁber III and the overlap
integrals between surface modes and cladding defect modes are plotted in
the case of 4, 6 and 8 rings of holes, respectively. Green dots represent
surface modes, red dots the fundamental modes, blue dots the cladding
defect modes and black dots the cladding modes. The red dashed lines
represent the bandgap edges for the simulation in the case of an inﬁnite
photonic crystal
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ˆ
E∗1 · E1 dA
ˆ
E∗2 · E2 dA
(5.1)
The simulations were performed in a quarter domain for all the four boundary
conditions, therefore η was evaluated only between modes calculated with
the same boundary conditions, since otherwise it would automatically be
zero for symmetry reasons. In Fig.5.4 the calculated coupling coeﬃcients
are plotted. We notice that despite the high number of crossings that are
occurring only a few are relevant. Moreover since the dispersion curves of
the cladding defect modes and surface modes are so similar, tiny diﬀerences
in their relative location can drastically change the coupling between them,
as it is evident comparing the six and eight rings cases. We also expect that
more couplings than the ones predicted by the numerical model are present
because of geometrical deformations along the ﬁber.
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Figure 5.5: Left: Schematic of the measurement. Right: Obtained optical
intensity proﬁles
To prove the occurrence of the coupling between surface modes and defect
modes I coupled the light from a tunable laser by butt-coupling via a small
core (~3μm) ﬁber directly to one of the cladding defects. At the output
a razor blade is used to dump the residual light guided by the defect and
the core area of the ﬁber is imaged on a infrared Vidicon camera C2741. A
scheme of the measurement is in Fig.5.5. The signal on the camera was very
week, but by tuning the laser wavelengths we could clearly observed light
in the surface modes in proximity of 1550nm and at longer wavelengths the
fundamental core modes. This measurement strongly indicates that there
is a coupling between defect and surface modes. Moreover as expected by
the numerical analysis done so far at 1607nm was possible to observe the
coupling between the fundamental and defect mode. This also match with
the transmission dip in the measurement in Fig.5.3 for Fiber III.
Polarization Maintenance
Thanks to the joint presence of birefringent elements on the core wall and
the elliptical core we obtained a ﬁber with low loss (~60dB/km at 1550nm)
and good polarization maintenance, as shown in the following.
The group modal birefringence (GMB) was measured for Fiber III as de-
scribed in 7.3. Two diﬀerent ﬁber lengths, 1.3m for the short wavelengths
and 19.4m for the long wavelengths, to have a good resolution for the whole
measurement range. In Fig.5.6 two simulations of the numerical model
performed with slightly diﬀerent core wall thickness are compared to the
experimental measurement, showing a fairly good agreement.
The ﬁber h-parameter was measured for a 50m FUT as described in chapter
7.4 and it is shown in Fig.5.6. A ﬂat proﬁle with a value of about 5×10−5m−1
around 1550nm was measured. This is at least a factor of two lower than
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Figure 5.6: Left: Measured group modal birefringence with scanning wave-
length method is compared to the idealized model simulation. Right: Mea-
sured polarization holding parameter (h-parameter)
state of the art ﬁbers without cladding defects [34]. If in a given application
a maximum of -20dB polarization crosstalk can be tolerated, at best 100m
of a hollow core ﬁber without cladding defect can be exploited, while up to
200m can be used in case of Fiber III.
5.2 PM properties of 7-cell PBG-HC-1
For a given polarization extinction ratio (PER) requirement, the shorter the
ﬁber the larger h-parameter can be tolerated. Consequently the birefringence
can be lower. In this section I will consider the 7-cell PBG-HC-1 ﬁber de-
scribed in Chapter 4. The slight elliptical core induces a small birefringence
that is suﬃcient to maintain polarization over 5 meters of ﬁber. In order to
quantify the robustness of this ﬁber in maintaining and delivering linearly po-
larized light I measured the PER of the ﬁber output signal for a unperturbed
coiled ﬁber and with the ﬁber subjected to bend and twist. The measure
was performed as described in chapter 7.4 and the results are summarized
in Fig.5.7. The ﬁber not only maintains and deliver linearly polarized light
with a PER >15dB but is surprisingly resistant towards bending. The ﬁber
is more sensitive to twist but the measurement was done with a signiﬁcant
amount of twist that can easily be avoided in most practical situations.
It is therefore interesting to evaluate the ﬁber phase birefringence B = ∆nef f ,
i.e. the diﬀerence in the eﬀective index of the two polarization of the funda-
mental mode. The aim is to quantify how much birefringence is needed to
maintain polarization with a PER>15 over 5m. To measure the ﬁber bire-
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Figure 5.7: Left: Fiber structure. Center: Measured PER for the unper-
turbed ﬁber and with bend and twist. The measurement was done with the
set up in Section 7.4
fringence a typical approach [75] in solid core birefringent ﬁbers is to launch
linearly polarized light with the polarization direction aligned to one of the
ﬁber axis and to induce a coupling between the two polarization along the
ﬁber by applying a point like pressure. The collected spectra shows spectral
interference and the variations on the position of the maxima in the as the
point-like pressure point is moved along the ﬁber allow to quantify the phase
birefringence. This approach fails in the case of PBG-HC ﬁbers because the
coupling between the two polarization can not be obtained by applying a
point-like pressure. To overcome this I launched the light with the polariza-
tion direction at 45º and varied the ﬁber length by cleaving small sections
of the output end of the ﬁber, maintaining unaltered coupling conditions.
At each ﬁber length a spectrum is collected with an OSA. Notice that in
this measure the spatial resolution needed depends on the polarization beat
length Lb = λ/∆nef f . This ﬁber have low birefringence and therefore rela-
tively long beat length. The position of each maximum is indexed as shown
in Fig.5.8 and the position as a function of the total length of the removed
ﬁber. The shift of the maxima is such that λn (L) = λn+1 (L − Lb ) as illus-
trated in Fig.5.8 and it is hence possible to evaluate the phase birefringence.
Figure 5.9(a) shows the measured phase birefringence around a wavelength
of 1030nm. The measurement was done with the set up described in Section
7.4. The FUT was 25m long, the total cut back was 9.5cm and it was done
cleaving 0.5cm sections at the time. After each cleaving a spectrum was
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Figure 5.8: Measured spectra for a ﬁber of length L and for a ﬁber shorten
by ~Lb/2 and ~Lb . The spectra are shifted by 10dB to improve visibility.
collected. A phase birefringence of ~1.3 × 10−5 was measured at 1030nm
with a slope of −2.16 × 102nm−1. In order to make a consistency test in
ﬁg.5.9(b) I compare the measured GMB with the GMB calculated from the
phase birefrincence by the following equation:
GMB = Bphase (λ) − λ
dBphase (λ)
dλ
(5.2)
The two are indipendent mesaures of the same quantity and there is a good
agreement between the two. Moreover by integrating the GMB and knowing
Bphase (1030nm) one can derive the Bphase over the whole ﬁber transmission
band as depicted in Fig.5.9(c). By this analysis I can hence estimate that a
phase birefringence of the order of 1 × 10−5 ÷ 2.5 × 10−5 is suﬃcient for a
HC ﬁber to maintain linearly polarized light over 5m with a PER>15dB.
5.3 PM properties of AR-Fiber1
As discussed in Section 2.3 AR-HC ﬁbers typically have large cores and very
low overlap between the light ﬁeld and the silica structure. For these reasons
these ﬁbers are expected to show no polarization maintaining properties. I
will here consider AR- Fiber1, described in Chapter 3.
5.3. PM properties of AR-Fiber1 67
(a) (b)
(c)
Figure 5.9: (a) Measured phase birefringence. (b) Measured group modal
birefringence as described in Section7.4. The star represent the GMB cal-
culated from the phase birefringence measurement. (c) The phase birefrin-
gence calculated from integrating the group birefringence and the value of
the phase birefringence at 1030nm.
I measured the PER for the AR-HC ﬁber with the set up in Section 7.4, using
a laser at 1064nm and 5m FUT. The result in Fig.5.10(left) is quite surpris-
ing, showing a PER in excess of 30dB. In contrast to the PBG-HC ﬁber in
the previous section the ﬁber showed very high sensitivity to external pertur-
bation. In light of this result I repeated the measure using a supercontinuum
light source. Diﬀerently from what expected by a polarization maintaining
ﬁber the output ﬁber spectrum always showed spectral interference as de-
picted in Fig.5.10(right), regardless of the direction of the polarization of
the input light signal. This indicates that the ﬁber is not maintaining the
polarization state even when the input light polarization is optimally coupled
to one fundamental mode polarization. The particular position of the ﬁber
determines the cross talk between the two polarization of the fundamen-
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tal mode. Because of the very low birefringence at 1064nm one can ﬁnd
a coupling condition such that the output beam is linearly polarized. This
condition though highly depends on the ﬁber length and position, meaning
that any movement of the ﬁber will aﬀect the output polarization state. In
other words even though the state of polarization is not maintained along the
ﬁber, it can still provide a linearly polarized output at certain wavelengths
by optimizing the input polarization angle.
Figure 5.10: Left: In green the PER measured with a 1064nm laser and a
5m FUT. The blue dashed line is the trasnmission with the output polarizer
rotated to allow the maximum power through. The continuos blue line is the
trasmission with the output polarizer rotated by 90 degree. Right: Typical
transmission curves from the PER set up (Section 7.4) with the output
polarizer at 0 and 90 degree.
5.4 Conclusions
I demonstrated, both numerically and experimentally, that the introduction
of cladding defects in a 7-cell PBG-HC ﬁber leads to a suppression of low loss
surface modes that are otherwise guided within the transmission band. The
defects are produces by independent pressurization of some of the cladding
holes during draw and it is therefore adjustable. Spectral feature in the ﬁber
transmission can be exploited during fabrication to adjust the spectral posi-
tion of the induced defects modes as it can be seen in Fig.5.3. The resulting
ﬁber has a lower polarization cross talk than state of the art PM PBG-HC
ﬁber [34] allowing polarization maintenance over much longer lengths.
Driven by the good PM performance of the 7-cell PBG-HC-1 I measured its
phase birefringence, showing that B = 1×10−5÷2.5×10−5 is suﬃcient to have
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a PER>15dB over 5 meter of ﬁber. This set a target for future development
of HC ﬁber where PM properties are required over short distances.
The AR-HC do not show relevant PM properties and the output state of
polarization is aﬀected by the spatial arrangement of the ﬁber and varies if
the ﬁber is moved. Designing a PM version of this kind of ﬁbers is very
challenging because of the extremely low overlap between the fundamental
mode and the silica. On the other hand because of the very low scattering
with the air-glass interface the coupling between the two polarization of
the fundamental mode should be lower than in PBG-HC. This hopefully
means that some relevant PM properties could arise from a modest phase
birefringence, maybe even lower than 1 × 10−5.

Chapter 6
High power pulse delivery
The ultra low non-linearity and the low and tailorable dispersion make hol-
low core ﬁber a unique medium for the delivery and manipulation of high
power continuous wave and pulsed laser light. Since the early 2000s several
experimental works were conducted to demonstrate the potential of PBG-
HC ﬁber in beam delivery [53,7680], in the generation of solitons [81] and
pulse compression [8284]. In 2014 up to 200W CW laser at 1064nm was
coupled to a 7-cell PBG-HC with as high as 90% coupling eﬃciency [85].
With the advent of large core Kagome hollow core ﬁber at ﬁrst, and AR-HC
ﬁbers lately, larger and larger average powers and pulse energies could be
coupled and guided through hollow core ﬁbers resulting into a multitude of
publications in this ﬁeld [20, 8690]. Recently impressive results were also
obtained in delivery systems where HC ﬁbers are connectorized [91,92].
In this chapter I will describe the work I have conducted in showing ex-
perimentally that PBG-HC ﬁbers and AR-HC oﬀer a linear, non-dispersive
medium for the delivery of picosecond pulses. Input pulse energies to up to
17 μJ and input average powers up to 90W were investigated, identifying
some of the limitations of these ﬁbers in terms of facet damage threshold
and non-linearity. Large part of this work was published in [64].
The three ﬁbers considered are 7-cell HC-PBG-1 described in Section 4.1, 19-
cell HC-PBG-2 described in Section 4.2 and AR-Fiber1 described in Section
3.1. Table 6.1 summarizes the main ﬁber properties.
6.1 Optical set up and experimental procedure
The light source for the experiment consists of an ytterbium doped double
clad ﬁber (aeroGAIN-ROD-PM85 from NKT Photonics) in a high power
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Table 6.1: Summary of ﬁber properties.
Loss @ MFD @ Modal content Critical PM
1032nm 1064nm Bend radius
7-cell
PBG-HC-1 66 dB/km 7.8μ Single mode <3cm yes
19-cell 66 dB/km
PBG-HC-2 (<20 dB/km 13μ Weakly multimode <3cm no
is possible)
Weakly multimode
AR-Fiber1 34 dB/km 22μ (Bend suppression ~3cm no
of HOMs)
ampliﬁer setup [93]. It provided 22ps pulses with a maximum average power
of 95W, 40MHz repetition rate at 1032nm (~2.4μJ pulse energy), with
M2<1.05. In order to investigate higher peak powers in the case of AR-
Fiber1 the repetition rate was changed to 10MHz and 4MHz maintaining
similar average powers. The active ﬁber has a mode ﬁeld diameter of about
65μm and it is operated so to obtain an output signal with a PER of 25dB.
Figure 6.1 shows a schematic representation of the optical set up. The upper
part represents the backward pumped ampliﬁer, the lower part the delivery
through HC ﬁbers. The lens L1 collimates the linearly polarized output
from the ampliﬁer. A half wave plate (HWP) and a polarizing beam splitter
(PBS) are used to control the optical power reaching the ﬁber facet. Lenses
L2 and L3 are arranged in a telescope. Mirrors M1 and M2 are used with
the 3-axis stage to minimize angular and transverse misalignment. Lens L4
focuses the beam on the ﬁber facet. The waist of the input beam at the ﬁber
facet was calculated by assuming a Gaussian beam and propagation through
thin lenses. This allows to chose the lenses for a coarse optimization of the
mode matching. A ﬁner optimization is achieved by changing the relative
position of L2 and L3. This produce a slightly converging or diverging
beam after lens L3 and consequently a larger or smaller beam waist after
L4. The output beam from the HC ﬁbers is sampled twice with the beam
samplers S1 and S2 and imaged on a camera. The output power and the
light spectrum are monitored with a power meter and an optical spectrum
analyzer, respectively. During the pulse delivery measurements the ampliﬁer
is maintained at a constant output average power. Most of the power is
dumped into Power meter 1. The coupling optimization was done by an
iterative two step process. Firstly the transverse and angular misalignment
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Figure 6.1: Schematics of the optical set up for pulse delivery. L1 to L5 are
lenses, HWP is half wave plate, PBS is polarizing beam splitter. M1 and
M2 are adjustable mirrors. S1 and S2 are wedges. OSA stands for optical
spectrum analyzer.
are minimized through the two mirrors M1, M2 and the 3-axis stage holding
the ﬁber. Secondly the relative position of L2 and L3 is changed. This was
done at low average powers of 3 to 5W. The power reaching the ﬁber facet is
later raised by rotating the HWP. Having the ampliﬁer at a constant output
power avoids the change in the beam output proﬁle and pointing stability
that might occur when varying the pump power. A summary of the lenses
used for the diﬀerent ﬁbers is given in Table 6.2.
Table 6.2: Summary of the lenses used for the diﬀerent ﬁbers
FUT L1 L2 L3 L4 L5
PBG-HC-1 200mm 50mm 100mm 35mm 6mm
PBG-HC-2 200mm 50mm 100mm 50mm 6mm
AR-HC - 75mm 50mm 40mm 6mm
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6.2 Results
In the following the transmission eﬃciency is deﬁned as the ratio between the
output power measured after the collimation lens L5 and the input power
measured before the focusing lens L4, and the coupling eﬃciency is the
transmission eﬃciency corrected by the ﬁber attenuation. The bare ﬁber
terminations are secured to a v-groove mounted on 3-axis stages in the same
way for the three ﬁbers. Particular care was taken in cleaving the ﬁbers so to
obtain a facet that is as ﬂat as possible. Irregularities in the micro-structure,
especially around the core, can indeed lead to a reduced coupling eﬃciency
and ultimately to a reduced threshold for the facet damage. All the ﬁbers
were operated in air.
7-cell HC-PBG-1
59Wt-t5m lowtpowert-t5m
(b) (c)
(a)
Fibert
Damage
73%
0
1
Normalized
Intensity
Figure 6.2: (a) Transmission eﬃciency over 5m FUT, (b) Fiber facet and
output mode proﬁle at 59W avarage power, (c) Facet of a damaged ﬁber
and output near ﬁeld after the ﬁber is damaged
The 7-cell PBG-HC-1 ﬁber was coiled in a standard 8 cm radius spool and
no special handling was necessary. Figure 6.2(a) shows the achieved trans-
mission eﬃciency of 73% for a 5m long ﬁber ( ~78% coupling eﬃciency),
allowing us to reach up to 59W average power output (1.47 μJ pulse energy,
67kW peak power). Above this power level damage of the ﬁber facet was
inevitable, see Fig. 6.2(c). In Fig. 6.3(a) the spectra for 2.5W and 59W
average output power, measured with an OSA with 0.05nm resolution, are
compared showing negligible, but measurable, spectral broadening. Figure
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6.3(b) shows the 10dB spectral width as a function of the average output
power. This suggest that even though the limitation in this ﬁber, for the con-
sidered light source, is set by the threshold for the facet damage, higher peak
power would lead to a signiﬁcant broadening due to non linearity. Among
the three ﬁbers here considered the 7-cell PBG-HC-1 is the one with the
highest non-linearity because of the small MFD and higher overlap between
the fundamental mode and the silica structure. As a consequence of this
air and silica contributes approximately equally to the ﬁber non-linearity [94]
and the possible improvements achieved by applying vacuum to the ﬁber are
limited.
(a) (b)
Figure 6.3: (a) Comparison of the output spectra at 2.5W and 59W average
power. (b) 10dB spectral width as function of the output average power
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Figure 6.4: (a) Transmission eﬃciency over 1m FUT, (b) Fiber facet and
output mode proﬁle at 76W avarage power
Similarly for the 19-cell PBG-HC-2 ﬁber no special care was necessary in
terms of ﬁber bending, the ﬁber had a bend radius < 8cm radius and could
tolerate external perturbation, even at the maximum output power, with
negligible eﬀect on the output near ﬁeld and power. Figure 6.4(a) shows that
the achieved coupling transmission of 85% over 1m ﬁber (~86% coupling
eﬃciency), with a maximum output average power of 76W (1.9μJ pulse
energy, 86kW peak power). No spectral broadening was detected and we
could not reach the ﬁber facet damage threshold. In order to observe some
non-linearity coming from the hollow-core ﬁber we tested a 42m ﬁber. Due
to ﬁber loss the highest output average power was 46.4W with 89W input.
The ﬁber was coiled in a standard 8cm radius spool. In Fig. 6.5(a) the
spectra, measured with an OSA with 0.05nm resolution, for 2.5W and 46.4W
output are compared. A small spectral broadening is present and some strong
extra lines appear at high power. The 10dB spectral width is shown in Fig.
6.5(b) as a function of the output average power. The measured broadening
is likely an underestimation since the ﬁber is operated very close to the
short wavelength edge of the bandgap (see Fig.4.4(c)). The lines at longer
wavelengths arise from stimulated rotational Raman scattering (SRRS) from
N2 molecules. The Raman shift of the ﬁve strongest lines match the S(6),
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S(8), S(9), S(10) and S(12) rotational transitions, and the spectrum is
comparable to previously reported atmospheric measurements [95]. In order
to prove this I calculated the N2 rotational Raman response function as
described in [96], and the calculated rotational Raman spectrum is compared
to the measured one in Fig.6.5(c). This suggests that for this ﬁber the main
contribution for non-linearity arises from the gas present in the ﬁber and can
in principle be signiﬁcantly suppressed by applying vacuum.
(a) (b) (c)
Figure 6.5: (a) Comparison of the output spectra at 2.5W and 46.4W av-
erage power. (b) 10dB Spectral width as function of the output average
power. (c) Comparison between the measured spectrum and the calculated
N2 rotational Raman spectrum.
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Figure 6.6: (a) Transmission eﬃciency over 5m FUT, (b) Fiber facet and
output mode proﬁle at 70W avarage power
The 7-tube AR-HC ﬁber was coiled in a 16 cm radius spool to avoid any
possible bend loss contribution. For this ﬁber we performed the measurement
for lower repetition rate of 10MHz and 4MHz.
At 10MHz the transmission eﬃciency was 81% for a 5m FUT(~85% coupling
eﬃciency, see Fig. 6.6(a)) with a maximum output average power of 70W
(7μJ pulse energy, 318kW peak power, near ﬁeld proﬁle in Fig. 6.6(b)). No
spectral broadening was detected and we could not reach the ﬁber facet
damage threshold, see Fig. 6.7(a).
The coupling transmission and eﬃciency were analogous in the case of 4MHz
repetition rate and we obtained up to 56W output average power (14μJ pulse
energy, 636kW peak power, limited by the light source) with no spectral
broadening.
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(a) (b)
Figure 6.7: (a) Comparison of the output spectra at 25W and 75W average
power, with a repetition rate of 10MHz (b) Comparison of the output spectra
at 25W and 56W average power, with a repetition rate of 4MHz
6.3 Conclusions
The 7-cell PBG-HC-1 ﬁber is the only one that showed a clear facet dam-
age threshold within the power levels investigated. Preliminary results (not
shown) suggests that pulses with higher peak power can be delivered with
this ﬁber and hence the high average power plays a role in the damage
formation. Because of the small core is also the ﬁber among the three con-
sidered where the coupling accuracy and stability is more demanding and
only 78% coupling eﬃciency was possible. This also means that the ﬁber
could tolerate more than 20W of optical power that was not coupled to
the fundamental mode before damage occurred. Possible improvements in
the coupling eﬃciency will certainly improve the damage threshold of the
facet, but as suggested by Fig.6.3(b) will also likely lead to an appreciable
contribution from the ﬁber non-linearity.
Similar coupling eﬃciency were obtained for 19-cell PBG-HC-2 and AR-
Fiber1 of approximately 86% and 85%, respectively. Higher coupling eﬃ-
ciency were obtained in [92] for similar ﬁbers. This suggests that the limita-
tion is likely due to the optical set up and we expect further improvements in
the future. Both ﬁbers do not show any sign of non-linearity for short ﬁber
sections and much higher pulse energies and average powers are expected
to be possible.
A longer section of 42m of the 19-cell PBG-HC-2 showed non-linearity arising
from N2. This sets a clear limit for the pulse energies at which the ﬁber can
be considered linear, nevertheless since the non-linearity comes from the gas
80 Chapter 6. High power pulse delivery
within the hollow core it can easily be reduced by applying vacuum. It also
demonstrate to which extend the light matter interaction can be enhanced
in a hollow core ﬁber. A previous experiment done in atmospheric air used
a 5cm beam diameter in air with 35m path, 20J pulse energy, 600ps pulse
duration at 1054nm in order to observe a similar SRRS response [95].
All the ﬁber are robust towards bending and can be touched and moved with
negligible impact on the output power and beam stability.
This promising initial results encouraged the pursuit of a delivery system
where the ﬁber is connectorized and embedded in a robust cable. In light of
this I have collaborated into a patent application for a HC ﬁber connector
[97].
Chapter 7
Fiber characterization
techniques and procedures
In this chapter I will described the main experimental techniques I have used
to characterized the hollow core ﬁbers discussed in this thesis.
7.1 Spatially resolved side scattering (SRSS)
Laser
M
L
PM
62dB/km
Figure 7.1: On the left there is a scheme of the experimental set up. The
blue circles represent two ﬁber spools. M is a mirror with a cut that allows
the ﬁber to pass through it. L is a lens and PM is a photomultiplier. On
the right an example of the measurement output
This measurement is performed to identify sections of ﬁber that are defect
free. Figure 7.1 shows a scheme of the experimental set up. A ﬁber is
re-wound from a spool to another. A laser light source with ﬁber output
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is butt-coupled to the FUT. The delivery ﬁber has a joint that is free to
rotate to avoid twist while the FUT is rewinded. A photomultiplier is placed
in between the two spools and collect the light that is scattered out from
the side of the FUT. The FUT passes through a cut mirror. A lens with
short focal lens is placed in between the mirror and the photomultiplier to
maximize the amount of scattered light from the FUT that reaches the
detector, as depicted in 7.1. This set up hence allow to collect the scattered
light as a function of the ﬁber position. Figure 7.1 also shows two typical
measurements for PBG-HC. Fiber I shows several scatter points that are
indicators of a core defect. Fiber II instead is defect free for the whole length.
The curve correspond to a sum of exponential with a fast decay at the ﬁber
beginning and a slower decay afterwards. This behavior is due to the coupling
to high order modes that have higher loss and hence contribute to the initial
fast decay of the scattered light. In Fig7.1 for Fiber II, after approximately 50
meter the remaining light in the ﬁber core is only in the fundamental mode.
The curve slope above 50 meters gives an estimation of the fundamental
mode loss at the laser wavelength. For Fiber II the measurement was done
at 1064nm and the fundamental mode loss corresponds to 62dB/km.
7.2 Loss measurement
Thermal white 
light source
OSA
L1 L2
FUT
Solid core fiber
L1+L2
L1
Figure 7.2: On the left there is a scheme of the loss measurement. The
FUT is coiled in two sections of length L1 and L2. Light is coupled by
butt-coupling with a solid core ﬁber and the output spectrum from the
FUT is measured with an OSA. On the right a typical measurements of the
transmission spectra for diﬀerent ﬁber lengths and the corresponding ﬁber
loss.
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In order to measure the loss of the fundamental mode in hollow core ﬁbers
I used the cutback technique. The general principle is to measure the
transmission spectrum through diﬀerent ﬁber lengths and through these
spectra calculate the ﬁber attenuation. In order to exclude the
contributions given by the low reproducibility of the coupling from the light
source to the hollow core ﬁber, a single ﬁber is used. A thermal white light
source is typically preferred over supercontunuum light sources for the
higher stability of its spectrum over the time of the measurement. A single
mode solid core ﬁber delivers the light signal to the hollow core ﬁber. The
core size of the solid core ﬁber is chosen to closely match the mode ﬁeld
diameter of the hollow core ﬁber and butt-coupling is used to couple the
light signal to the hollow core ﬁber. Maintaining a stable coupling to the
FUT a ﬁrst set of spectra is collected on the full ﬁber length, the ﬁber is
cut to a shorter length and a second set of spectra is collected for the
shorter ﬁber length. The spectra are collected with a optical spectrum
analyzer. A set of minimum 3 spectra is collected at each ﬁber length,
where the ﬁber is freshly cleaved each time. This is done to ensure that
the cleave to cleave variations are minimal and averaged out. Typical
variations due to cleaving are of the order of less than 0.1 dB. Figure 7.2
shows a scheme of the measurement. The FUT length L1 is chosen to
achieve an optimal spatial ﬁlter, i.e. L1 is such that high order modes with
relative high loss are strongly attenuated in comparison to the fundamental
mode. The information obtained by the SRSS (see sec.7.1) on the length
necessary to suppress the HOM content in the ﬁber is used to optimally
chose L1. The length L2 is chosen to obtain a large enough diﬀerence
between the spectra collected for the two ﬁber lengths. A diﬀerence of at
least 1 dB is necessary to achieve accurate results, and preferably as large
as possible to minimize the uncertainty contribution given by the cleaving.
Figure 7.2 shows an example of a cutback measurement where three
spectra are collected at length L1+L2 and three more after the ﬁber is cut
to the length L1. The loss at 1064nm is 64dB/km that is in close
agreement with the estimation done for the same ﬁber in the SRRS set up
(Fiber II in ﬁg. 7.1).
Bend loss is negligible in PBG-HC ﬁbers and have no eﬀect on their loss
measurement. On the contrary AR-HC are much more bend sensitive.
Large spool diameter are necessary to exclude any bend induced
contribution to the loss measurement. AR-HC can also show strong
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suppression of HOMs through bending. This can be used in the loss
measurement to reduce drastically the length L1.
7.3 Group velocity dispersion and HOM
measurements
OSA
SM fiber
Ob1
Ob1Ob2
Ob2
MM
BS
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Figure 7.3: Left: Scheme of the dispersion set up where BS are beam
splitters, M are mirrors, Ob1 and Ob2 are objectives, POL is a polarizer and
SM ﬁber is a single mode ﬁber. Right: An example of a collected spectrum.
The color dots are the peak positions as recovered by a sine function ﬁt
performed for each peak. The large peak at 1064nm is due to the pump of
the supercontinuum and it is neglected.
The ﬁber group velocity dispersion (GVD) can be measure with a white light
interferometric Mach-Zender set up [98,99] as in Fig.7.3. In the signal arm
of the interferometer the light from a supercontinuum light source is coupled
through a 8cm FUT. The reference arm of the interferometer has the same
optical components to cancel out their dispersion contributions. The length
of the reference arm can be adjusted so that is possible to have similar
optical path for the light traveling in the two arms. The combined beams
after the second beam splitter are launched into a single mode ﬁber. The
spectrum is measured with an optical spectrum analyzer. Because of the
ﬁber dispersion, the measured spectrum shows spectral interference. The
group index diﬀerence between the arms can be expressed in terms of the
spacing between neighboring maxima ∆λ as follow:
Bд =
λ2
∆λL
+ n
r ef
д
∆L
L
(7.1)
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where L is the FUT length, ∆L is the diﬀerence in length between the two
arm of the interferometer, n
r ef
д is the group index of the reference arm.
From the measured spectrum the position of the peaks are determined by
a sinusoidal ﬁt and ∆λ(λ) = λ
peak
i − λpeaki−1 is calculated. An example of
the collected spectrum is in Fig.7.3(right) where the position of the peak
is highlighted. Assuming n
r ef
д to be constant in wavelength the following
approximation is used to calculate the ﬁber dispersion:
D (λ) 
1
c
dnд
dλ
' 1
c
dBд
dλ
(7.2)
A polynomial ﬁt is performed on the data set λ
2
∆λL derived from the spectrum.
The ﬁtted curve is diﬀerentiated to calculate D (λ). Figure 7.3 shows an
example of the obtained dispersion curve.
The same set up can also be used to measure the group index diﬀerence
between the fundamental mode and HOMs. In this case the reference arm
is blocked, light is couple with a misalignment to the ﬁber to ensure the ex-
citement of HOMs. Light propagating in diﬀerent spatial modes experience
diﬀerent group indices. Similarly to the GVD measurement, the measured
spectrum shows spectral interference Because of the interaction of several
guided modes the spectrum is more complex to analyze. A windowed Fourier
transform is performed on the spectrum in order to obtain an interferogram.
This technique was for instance used in [4] to determine the cutoﬀ wave-
length at the short wavelength edge of the bandgap of the LP11 mode for
a 7-cell PBG-HC ﬁber. Figure 7.4 shows the obtained interferogram and
compares the results to the simulated group refractive index diﬀerences of
the fundamental modes with several HOMs and a surface mode. Noticeably
also the present of a surface mode can be clearly identify thanks to the
comparison with the numerical simulation.
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Figure 7.4: Left: Transmission spectrum of a ~80mm long FUT, measure
with the set up in Fig.7.3 and no reference beam. At the short wavelength
edge there is a single mode region, while at longer wavelengths a beating
between diﬀerent spatial modes is measured. Right: Windowed Fourier
transform of the measured spetrum highlights the presence of HOMs and
their cutoﬀ wavelengths. The measured results are compared to a simulation
of the ﬁber showing good agreement.
7.4 Polarization extinction ratio, group modal
birefringence and h-parameter
SuperK
FUT
P2
P1
OSA
SM Fiber
ObOb
Ob Ob
Figure 7.5: Scheme of the set up used to measure the ﬁber polarization ex-
tinction ratio, group modal birefringence and h-parameter. Ob are objective
lenses, P1 and P2 are polarizers, and SM ﬁber stands for single mode ﬁber.
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Some of the ﬁbers discussed in this thesis are polarization maintaining. In
order to achieve that the ﬁber has to be birefringent, i.e. two polarization of
the fundamental mode propagate through the ﬁber with a diﬀerent eﬀective
index. The separation in eﬀective index lowers the coupling between the two
fundamental modes, allowing for linearly polarized light coupled to one of
the fundamental modes to maintain its polarization state to a certain degree
along the propagation through the ﬁber.
Some of the small core PBG-HC ﬁbers show polarization maintenance through
a short ﬁber section despite they are not explicitly designed to be birefrin-
gent. This is due to a slight elliptical core. To quantify the polarization
properties of these ﬁbers I have simply measured the PER over a short dis-
tance (5 meters). The light source for this measurement is supercontinuum
light source. As shown in ﬁg. 7.5 a polarizer is placed at both the input
and output of the ﬁber. The linearly polarized input light is coupled to the
FUT, carefully adjusting the angle of the polarization to one of the ﬁber axis.
This is achieved by optimizing the angle of both polarizers P1 and P2 and
monitoring the output spectrum. The polarizer P2 is rotated and spectra
are collected for maximum extinction and transmission. The two spectra
are subtracted on a dB scale to obtain the PER. The measurement can also
be performed in presence of bend or twist to evaluate the ﬁber robustness
towards external perturbation.
With the same set up it is also possible to measure the ﬁber group modal
birefringence (GMB), i.e. the diﬀerence in group eﬀective index of the two
polarization of the fundamental mode. The measure is done launching the
linearly polarized light with an angle with respect to the ﬁber axis. Light at
diﬀerent wavelengths experience diﬀerent phase shifts due to the wavelength
dependence of the birefringence. Because of the polarizer P2 only linearly
polarized light in one direction is collected and the resulting spectrum shows
spectral interference. The GMB can be calculated by:
GMB =
λ2
∆λL
(7.3)
where ∆λ(λ) = λ
peak
i − λpeaki−1 is the spacing between neighboring maxima.
Another important quantity that characterize the polarization maintenance
of a ﬁber is the polarization crosstalk. The polarization crosstalk (C) is
deﬁned [75] as the logarithmic ratio of the power Px (Py) coupled to the
unexcited mode polarized along x (y) axis, with respect to the total trans-
mitted power Px + Py over a propagation length L, and it can be expressed
in terms of the polarization holding parameter h:
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C = 10 log
(
Px
Px + Py
)
= 10 log
(
1 − exp(−2hL)
2
)
(7.4)
The product hL is therefore approximately equal to Px/Py for hL  1 and h
can be interpreted as the the percentage of power that in transferred to the
other polarization per unit length.
To estimate experimentally the h-parameter using the set up in ﬁg. 7.5 one
can use the approximation [75]:
h ' 2
L(ρx + ρy )
, ρx =
Px (L)
Py (L)
f or Py (0) = 0, ρy =
Py (L)
Px (L)
f or Px (0) = 0
(7.5)
where L is the length of the FUT and Px (l ), Py (l ) the optical powers in the
two principle axis of the ﬁber at the given ﬁber length l .
Chapter 8
Conclusions
In this work I considered both PBG-HC ﬁbers and AR-HC ﬁbers, analyzing
and comparing their optical properties in view of their application in high
power beam delivery. In Chapter 2 I have described the guidance mechanism
of hollow core ﬁbers. The considerations done in this chapter regarding AR-
HC ﬁbers show that is possible to aim at large core hollow core ﬁber without
giving up nearly single mode propagation and bend robustness. This is best
achieved with a novel ﬁber structure with 7 non-touching cladding tubes.
Following these numerical predictions I showed in Chapter 3 the eﬀorts that
were taken in NKT Photonics to fabricate AR-HC ﬁbers with non-touching
tubes. Even though we did not succeeded into drawing a ﬁber with the
target structure we obtained several guiding AR-HC ﬁbers and two with
particularly remarkable optical properties. I showed experimentally that some
of the HOMs are suppressed by resonantly couple them to high loss cladding
modes. Moreover the strong agreement between the numerical calculations
and the real ﬁber modal properties ﬁrmly encourage to pursuit a single
mode large core AR-HC ﬁber. The realized AR-HC ﬁbers proved to be far
more robust towards bending than other AR-HC previously reported, making
them viable candidate for applications where tight bending and continuous
ﬁber movement are necessary. Moreover I showed that despite the LP11-like
modes have relatively low loss for a straight ﬁber it is possible to strongly
suppress them through bending, therefore achieving a nearly single mode
output beam. The encouraging numerical and experimental results resolved
in a patent application on the 7-tube AR-HC ﬁber design [68].
Chapter 4 was dedicated to present the optical properties of two PBG-HC
ﬁbers that were used in the high power beam delivery experiment. In the
chapter I also introduced a technique to numerically simulate the modal prop-
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erties of a 7-cell PBG-HC that takes into account the peculiarities present
in a real ﬁber structure. The numerical tool is used to get a deeper under-
standing of the measured modal properties.
In the frame of PBG-HC ﬁbers the presence of low loss surface modes can
aﬀect the output beam quality and it can be detrimental in all those ap-
plications where strict single mode propagation is a required. I analyzed a
way to minimize the surface modes in Chapter 5 by introducing a number
of defects that are tunable during drawing. I showed both numerically and
experimentally that the suppression of surface modes is achieved. Moreover
one of the realized ﬁber shows very low cross-talk between the two polar-
ization of the fundamental mode allowing it to maintain polarization over
hundreds of meters. This ﬁber could potentially ﬁnd application in the ﬁeld
of ﬁber optical gyroscopes.
The characterization of the polarization properties of a 7-cell PBG-HC in
Chapter 5 showed a PER>15dB over 5 meters of ﬁber that is robust over
external perturbations. This performance is good enough for several appli-
cations where a linearly polarized output is desired. I therefore measured
experimentally the amount of phase birefringence in this ﬁber in order to
deﬁne how much birefringence is needed for a PBG-HC to maintain the po-
larization over a short distance. This sets a target for future development
of PM properties in hollow core ﬁbers. In the same chapter I also charac-
terize the polarization properties of one of the realized AR-HC. I showed
that, despite it is possible to obtain a linearly polarized output over 5m
of ﬁber, it is extremely sensitive to external perturbation and polarization
cross-talk is present even for short ﬁber lengths. This means that the AR-HC
can not maintain the polarization state of the input light and only diﬀerent
designs that exploit relative variations in the cladding tube sizes could po-
tentially achieve polarization maintenance. Recent publications showed that
the birefringence induced by a form factor in AR-HC ﬁbers is very low and
only considering complex structures with small core sizes can lead to large
birefringence [44, 45]. This results are very interesting but because of the
small cores and complex geometry are not very appealing, especially con-
sidering the actual state of the art in PM PBG-HC ﬁber. Hopefully future
work will provide a large core AR-HC ﬁber with a high enough birefringence
to maintain the state of polarization over short distances.
As a demonstration of the capabilities of HC in propagating high power
pulsed light I characterized two PBG-HC ﬁbers and a AR-HC ﬁber in deliv-
ering picosecond pulses. The outstanding optical powers that the HC ﬁbers
could deliver demonstrate, as many other works in literature, the huge po-
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tential of these ﬁbers as a non dispersive linear medium. In the speciﬁc
ﬁeld of beam delivery their employment will confer an otherwise unmatched
ﬂexibility to single mode high power pulsed lasers. More than that the laser
system will be detached from the processing area allowing for fast and eﬃ-
cient maintenance.
The realization of a bend insensitive and polarization maintaining HC ﬁber
that provides a single mode, diﬀraction limited beam is extremely chal-
lenging, and PBG-HC and AR-HC are complementary. PBG-HC ﬁbers are
extremely robust towards bending and can be more easily designed to main-
tain polarization, while the large core of AR-HC ﬁbers relaxes the coupling
tolerances and it allows for much higher peak and average powers.
8.1 Outlook
Future development on HC ﬁbers for high power laser applications will cer-
tainly head towards truly single mode large core ﬁbers, achieving lower losses
and more robust bending performances. AR-HC core have proved to be an
exciting platform for this aim. Improvements in the fabrication technique will
allow more and more complex structures to be realized, and a ﬁne tailoring
of their modal properties will be possible. In this regard obtaining a signif-
icant birefringence in large core AR-HC ﬁber is likely the most challenging
and appealing target.
Beside of development on the ﬁber itself, much work is still needed to in-
tegrate HC ﬁber in practical industrial applications. The development of
connectors speciﬁcally designed to account for the features of HC ﬁber will
be essential for a widespread employment of these ﬁbers.
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